
mdpi.com/journal/pharmaceutics

Special Issue Reprint

Inhaled Treatment of 
Respiratory Infections

Edited by 
Philip Chi Lip Kwok and Michael Yee Tak Chow



Inhaled Treatment of
Respiratory Infections





Inhaled Treatment of
Respiratory Infections

Editors

Philip Chi Lip Kwok
Michael Yee Tak Chow

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Philip Chi Lip Kwok

Sydney Pharmacy School

The University of Sydney

Camperdown

Australia

Michael Yee Tak Chow

Department of Pharmaceutics,

UCL School of Pharmacy

University College London

London

United Kingdom

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Pharmaceutics (ISSN 1999-4923) (available at: www.mdpi.com/journal/pharmaceutics/special

issues/inhaled treatment).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0392-7 (Hbk)

ISBN 978-3-7258-0391-0 (PDF)

doi.org/10.3390/books978-3-7258-0391-0

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.

www.mdpi.com/journal/pharmaceutics/special_issues/inhaled_treatment
www.mdpi.com/journal/pharmaceutics/special_issues/inhaled_treatment
https://doi.org/10.3390/books978-3-7258-0391-0


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Waiting Tai, Michael Yee Tak Chow, Rachel Yoon Kyung Chang, Patricia Tang, Igor Gonda,
Robert B. MacArthur, et al.
Nebulised Isotonic Hydroxychloroquine Aerosols for Potential Treatment of COVID-19
Reprinted from: Pharmaceutics 2021, 13, 1260, doi:10.3390/pharmaceutics13081260 . . . . . . . . 1

Davide D’Angelo, Eride Quarta, Stefania Glieca, Giada Varacca, Lisa Flammini,
Simona Bertoni, et al.
An Enhanced Dissolving Cyclosporin-A Inhalable Powder Efficiently Reduces SARS-CoV-2
Infection In Vitro
Reprinted from: Pharmaceutics 2023, 15, 1023, doi:10.3390/pharmaceutics15031023 . . . . . . . . 24
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Preface

Respiratory infections are conventionally treated with oral or intravenous antimicrobials

(antivirals, antibiotics, and antifungals). However, these routes of administration are not ideal

because the required drugs are systemically delivered rather than being targeted to the respiratory

tract. Higher doses may also be needed to achieve sufficient drug concentrations in the lungs, which

may consequently increase the risk of adverse effects. On the other hand, the drugs can be efficiently

delivered into the airways as inhaled aerosols. Lower doses can then be used to attain relatively

high local concentrations. There are specific challenges to the development of inhaled formulations,

such as the optimisation of their physicochemical stability and aerosol performance. In addition,

antimicrobial resistance is an urgent global public health issue. Novel strategies are required to

overcome these problems.

The papers in this reprint focus on recent advancements in inhaled antimicrobials and vaccines,

including those for viral (SARS-CoV-2), bacterial (Mycobacterium tuberculosis, Mycoplasma

pneumoniae, Acinetobacter baumanii), and fungal infections (moulds). Tai et al. and D’Angelo et al.

studied hydroxychloroquine nebules and an inhalable cyclosporin-A powder for potential COVID-19

treatment, respectively. Sécher et al. reported the physical instability of nebulised immunoglobulin G

and the resultant pro-inflammatory and cytotoxic effects. On the other hand, the acute respiratory

distress syndrome associated with pulmonary infections such as COVID-19 may be treated with

mesh-nebulised plasminogen (Vizzoni et al). Seifelnasr et al. investigated a new method to deliver

respiratory vaccines to the posterior nasal area to enhance the mucosal immunisation response.

Studies on spray-dried capreomycin (Shao et al), lyophilised isoniazid nanoparticles (Mukhtar et al),

and jet-nebulised rifampicin–curcumin micelles for tuberculosis (Galdopórpora et al) are presented.

Collins et al. showed that oropharyngeally delivered angiotensin-(1–7) reduced the inflammation and

bacterial load in Mycoplasma pneumoniae-infected mice. Yan et al. and Wang et al. characterised

inhalable powders containing bacteriophages and ciprofloxacin-polymyxin B, respectively, to combat

antimicrobial resistance in Acinetobacter baumannii infections. Son et al. discussed the design and

delivery of inhaled high-dose antibiotic powders, whereas the review by Brunet et al. covered a range

of inhaled antifungal drugs for invasive pulmonary mould infections.

Philip Chi Lip Kwok and Michael Yee Tak Chow

Editors
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Abstract: The coronavirus disease 2019 (COVID-19) is an unprecedented pandemic that has severely
impacted global public health and the economy. Hydroxychloroquine administered orally to COVID-
19 patients was ineffective, but its antiviral and anti-inflammatory actions were observed in vitro.
The lack of efficacy in vivo could be due to the inefficiency of the oral route in attaining high drug
concentration in the lungs. Delivering hydroxychloroquine by inhalation may be a promising alterna-
tive for direct targeting with minimal systemic exposure. This paper reports on the characterisation of
isotonic, pH-neutral hydroxychloroquine sulphate (HCQS) solutions for nebulisation for COVID-19.
They can be prepared, sterilised, and nebulised for testing as an investigational new drug for treating
this infection. The 20, 50, and 100 mg/mL HCQS solutions were stable for at least 15 days without
refrigeration when stored in darkness. They were atomised from Aerogen Solo Ultra vibrating mesh
nebulisers (1 mL of each of the three concentrations and, in addition, 1.5 mL of 100 mg/mL) to form
droplets having a median volumetric diameter of 4.3–5.2 µm, with about 50–60% of the aerosol by
volume < 5 µm. The aerosol droplet size decreased (from 4.95 to 4.34 µm) with increasing drug
concentration (from 20 to 100 mg/mL). As the drug concentration and liquid volume increased, the
nebulisation duration increased from 3 to 11 min. The emitted doses ranged from 9.1 to 75.9 mg,
depending on the concentration and volume nebulised. The HCQS solutions appear suitable for
preclinical and clinical studies for potential COVID-19 treatment.

Keywords: hydroxychloroquine; coronavirus disease 2019 (COVID-19); vibrating mesh nebuliser;
inhalation; aerosol; droplet

1. Introduction

Since December 2019, the world has been adversely affected by the coronavirus disease
2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). As of 17 July 2021, there were 189,482,312 confirmed cases globally, with
4,074,668 deaths [1]. These tolls continue to increase daily at alarming rates. In addition
to stressing public health systems, the pandemic has wreaked havoc on the economy and
people’s livelihoods worldwide. Although various vaccines have been developed and
inoculation programmes are progressively being launched in different countries, their
effectiveness in achieving general population immunity and reducing viral transmission
needs to be yet evaluated [2–4]. Vaccines may not completely restore the present situation
to the pre-COVID-19 “norm” [4]. In addition, the long-term safety of the vaccines is yet
unclear due to the accelerated development of these products [5]. Public perception of the
potential harm from the vaccines versus that from the infection will inevitably influence
vaccination rate [6]. Furthermore, various vaccines have been reported to be less effective

Pharmaceutics 2021, 13, 1260. https://doi.org/10.3390/pharmaceutics13081260 https://www.mdpi.com/journal/pharmaceutics
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against SARS-CoV-2 variants, which has prompted questions on how the efficacy of future
vaccines can be maintained to tackle incessant viral mutations [7–11]. Therefore, although
vaccines are essential, their use alone may not be sufficient to solve the crisis. Drugs for
treating the infection are required as a pragmatic strategy. The more effective drugs that
are available, the better the health sector is equipped to combat this pandemic.

The course of COVID-19 progresses through two clinical phases. The early phase
is predominated by viral replication, whereas the late phase features uncontrolled in-
flammatory or immune responses to the virus, leading to tissue damage [12]. Thus, the
mode of treatment for COVID-19 depends on the stage of the disease, with antiviral and
anti-inflammatory therapies being more effective in the early and late phases, respec-
tively. The United States National Institutes of Health advises using anti-SARS-CoV-2
monoclonal antibodies (casirivimab + imdevimab combination or sotrovimab alone) for
non-hospitalised patients with mild to moderate COVID-19 at high risk of disease progres-
sion [12]. Remdesivir is hitherto the only antiviral drug approved for treating COVID-19 by
the United States Food and Drug Administration and European Medicines Agency [13,14].
It is recommended for hospitalised patients on supplemental oxygen and can be used with
dexamethasone if oxygen requirement is moderately high [12]. For recently hospitalised
patients requiring systemic inflammation using high-flow oxygen or non-invasive ventila-
tion, baricitinib or tocilizumab can be added to dexamethasone with or without remdesivir.
Dexamethasone is used alone in the most serious cases, when the patient requires invasive
mechanical ventilation or extracorporeal membrane oxygenation [12]. In addition to the
drugs mentioned above, the United States Food and Drug Administration has also issued
emergency use authorisation for the bamlanivimab + etesevimab combination for mild to
moderate COVID-19 [14]. The American Society of Health-System Pharmacists has issued
a comprehensive list of approved and experimental drugs for COVID-19 with their clinical
evidence that is constantly updated [15]. Some of those drugs (e.g., hydroxychloroquine,
azithromycin, lopinavir, ritonavir) have been or are being investigated for repurposing
for COVID-19 [16–19]. In particular, hydroxychloroquine is an old 4-aminoquinoline
antimalarial chemically similar to, but less toxic than, chloroquine [17,20]. It has been
employed for decades for treating autoimmune conditions such as rheumatoid arthritis
and lupus erythematosus, due to its immunomodulatory effects [21]. It is administered
as hydroxychloroquine sulphate (HCQS) because this salt form is freely soluble in water
(aqueous solubility of 1 in 5), with 1 mg of HCQS being equivalent to about 0.775 mg
of the base [21,22]. Absorption from the gastrointestinal tract is rapid and extensive [23].
Then, it undergoes hepatic first pass metabolism and results in an oral bioavailability of
79% [24,25].

The proposed use of hydroxychloroquine to prevent and treat COVID-19 is based on
its antiviral and immunomodulatory effects reported in the literature. Hydroxychloroquine
and chloroquine showed in vitro antiviral activity against SARS-CoV-2 before and after
infection in Vero cells, which were derived from the kidney epithelial cells isolated from
an African green monkey [26,27]. When the cells were pre-treated with the drugs for 2 h
before infection, the half maximal effective concentration (EC50) of hydroxychloroquine and
chloroquine for inhibiting viral replication after 48 h of incubation was 5.85 and 18.01 µM,
respectively [27]. On the other hand, their EC50 was 0.72 and 5.47 µM, respectively, when
they were added after infecting with the virus at a multiplicity of infection (MOI) of 0.01.
In another study, their EC50 on Vero E6 cells (ATCC-1586) at the same MOI was 4.51 and
2.71 µM, respectively [28]. The different EC50 for both drugs between the two studies
might be due to the different Vero cell lineages used. Nevertheless, those levels were not
lethal to the cells because they were significantly lower than the half-maximal cytotoxic
concentrations (CC50) on Vero E6 cells (249.50 and 273.20 µM for hydroxychloroquine
and chloroquine, respectively) [28]. From these in vitro data, hydroxychloroquine and
chloroquine may potentially be used for the prophylaxis and treatment of COVID-19.

Although the antiviral mechanism of these drugs is unclear, they have been shown
to prevent the attachment of SARS-CoV-2 to angiotensin-converting enzyme 2 (ACE-2),
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sialic acid-containing glycoproteins, and gangliosides on the surface of host cells to which
the virus needs to bind for entry [29,30]. In addition, the drugs are weak bases so they
increase the pH of the normally acidic endosomes and lysosomes in host cells [17,20,29,30].
The alkalinisation alters the homoeostasis of these intracellular organelles and hinders
various processes in the viral life cycle that depend on them (e.g., cell entry, replication,
release) [29,30].

The initial local airway inflammation in COVID-19 may lead to hypercytokinaemia, or
“cytokine storm”, the uncontrolled upregulation of multiple pro-inflammatory cytokines
such as interleukin (IL)-1β, IL-6, IL-8, tumour necrosis factor-α, and granulocyte-colony
stimulating factor [31,32]. Then, the resultant hyperinflammation may cause pulmonary
fibrosis, hypoxaemia, damage to other organs, and death. Hydroxychloroquine and chloro-
quine have long been known to inhibit the production of some of the pro-inflammatory
cytokines [33,34]. Therefore, their use in COVID-19 may be beneficial, especially when
administered early in the disease to prevent the induction of a cytokine storm and further
deterioration of health [25,27,35]. In fact, early treatment of COVID-19 patients with orally
administered hydroxychloroquine within one day of hospitalisation (400 mg twice a day
on Day 1, followed by 200 mg twice a day on Days 2 to 5) decreased their risk of being
transferred to intensive care units by 53%, which is attributed to the anti-inflammatory
properties of the drug [36].

Despite the points discussed above suggesting the potential usefulness of hydroxy-
chloroquine in COVID-19, in vivo evidence supporting its clinical application is still lacking.
Its benefits were not observed in cynomolgus macaques or human patients infected with
SARS-CoV-2 [2,17–19,24,30,37]. This might be due to shortcomings in the route of adminis-
tration and trial design employed in the clinical studies. The drug was administered orally
in all the cases because it is conventionally formulated as tablets. Hydroxychloroquine has
a large volume of distribution (5522 L and 44,257 L calculated from blood and plasma data
from healthy adults, respectively) and a long terminal elimination half-life of about 40 days
as it extensively distributes into and remains in body tissues [38]. Delivering this drug via
the oral route is inefficient when the lungs are the primary delivery target site. To achieve a
therapeutic drug concentration in the airways, the oral dose needs to be sufficiently high
to compensate for the drug loss due to first pass metabolism and distribution into other
organs. However, high doses will increase the risk of systemic adverse effects. Indeed, oral
hydroxychloroquine has been reported to cause cardiac toxicity including QT prolongation
and ventricular arrhythmias in both COVID-19 patients and patients with other illnesses
(rheumatoid arthritis, lupus erythematosus, malaria) [21,24,30]. This risk may be further
heightened when co-administered with azithromycin [18,24,30]. The lack of robustness of
the clinical studies further complicates data interpretation. A number of them were not
properly controlled, randomised, or blinded [30]. The patient sample size of some trials was
too small for statistical power, while the disease severity amongst certain subject groups
varied widely, so it was difficult to interpret the results. Some published studies were
not peer-reviewed, especially those from early 2020 as urgent dissemination of medical
information on COVID-19 was prioritised [30]. The emergency nature of the pandemic
may have imposed limitations on the design and execution of the studies, consequently
impacting data quality. Due to its anti-inflammatory properties, inhalation delivery of
hydroxychloroquine solutions was tested in sheep for the treatment of asthma [39]. Later
research with a soft mist inhaler using an aqueous formulation of HCQS proceeded into
humans [40]. The antiviral and anti-inflammatory activities of this drug against rhinoviral
infection in human bronchial cells were reported [41].

Robust, controlled clinical trials for hydroxychloroquine utilising a more efficient
route of administration are required to better evaluate its efficacy in COVID-19. Since the
respiratory tract is the initial site of infection and inflammation, direct inhalation delivery
is better targeted than oral administration, as lower doses can be used to achieve high local
drug concentrations in the airways to maximise therapeutic action and minimise systemic
adverse effects [25,42–44]. Based on the in vitro extracellular concentrations in the activity
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assays against SARS-CoV-2, direct delivery by inhalation is necessary to achieve adequate
HCQS concentration in the upper and central airway target tissues to be effective [45]. Our
research group recently characterised jet milled, crystalline HCQS powders deliverable
from dry powder inhalers for clinical testing [43]. However, nebulised solutions offer
more flexible dose adjustment. Since inhaled dry powders in general and particularly
those of HCQS are known to cause coughing [46,47], the use of an isosmotic, pH-neutral
formulation was preferable. Nebulisers can be used by patients of all ages, including those
who are ventilated. Furthermore, the safety of nebulised HCQS solutions was previously
demonstrated in healthy volunteers as well as subjects with pulmonary disease [40,48].
Thus, this paper reports on isotonic HCQS solutions that can be prepared, sterilised, and
nebulised for potential treatment of COVID-19.

2. Materials and Methods
2.1. Chemicals

HCQS powder of United States Pharmacopoeia (USP) grade (Lot 1910P031, Batch
033600-192021) was purchased from Sci Pharmtech Inc. (Taoyuan, Taiwan). Chromato-
graphic grade methanol and acetonitrile were bought from RCI Labscan (Bangkok, Thai-
land) and Honeywell (Morris Plains, NJ, USA), respectively. Deionised water was obtained
from a MODULAB® High Flow Water Purification System (Evoqua Water Technologies,
Pittsburgh, PA, USA).

2.2. HCQS Nebulised Solutions

Isotonic and pH-neutral solutions containing 20, 50, and 100 mg/mL of HCQS were
prepared in volumetric flasks. Then, they were transferred to 50 mL of polypropylene
centrifuge tubes (Corning, Corning, NY, USA) and stored in darkness at ambient tem-
perature until use. The osmolality of the solutions was measured with a K-7000 vapor
pressure osmometer (Knauer, Berlin, Germany). The cell and head temperatures were set
as 60 ◦C and 62 ◦C, respectively, and allowed to stabilise for an hour before use. These
temperatures followed those recommended in the instrument manual for calibrating and
measuring sodium chloride aqueous solutions [49]. The measurement time and gain were
1.5 min and 16, respectively. Approximately 1 mL of each sample solution was drawn
into glass microsyringes and inserted into the osmometer. One droplet from each sample
was dispensed onto the thermistor for each osmolality measurement. The droplet was
replaced by a new one when repeating the measurement. The experiments were con-
ducted in quadruplicate (n = 4) for each HCQS solution. The target osmolality range was
260–360 mOsmol/kg H2O [50,51]. The pH of the solutions was measured with a pH 700
benchtop meter (Oakton, Vernon Hills, IL, USA). The target pH range was 6.8–7.5 [50,51].

2.3. High Performance Liquid Chromatography (HPLC)

HCQS was quantified by a modified reverse phase-HPLC method from the USP [52].
The assay was performed on an automated HPLC system that consisted of a DGU-20A de-
gassing unit, a LC-20AT HPLC pump, a SIL-20A HT autosampler, a CTO-20A column oven,
and an SPD-20A UV detector (Shimadzu, Kyoto, Japan). The mobile phase was composed
of 10:10:80:0.2 by volume of methanol, acetonitrile, 0.12 g/L sodium 1-pentanesulfonate
monohydrate aqueous solution, and orthophosphoric acid. The mobile phase and all
other solvents were filtered and degassed before use. The Agilent Zorbax SB-C18 column
(5 µm, 4.6 × 250 mm; Agilent, Santa Clara, CA, USA) was kept at 35 ◦C during the runs.
Each sample ran for 15 min at a mobile phase flow rate of 1 mL/min. The injection vol-
ume and detection wavelength were 20 µL and 254 nm, respectively. Standard solutions
(6.25–1000 µg/mL) were freshly prepared by serially diluting a 100 mg/mL HCQS solution
aliquot that had been filtered through a sterile Millex-GP 0.22 µm hydrophilic polyethersul-
fone membrane syringe filter (Millipore, Burlington, MA, USA) (see below for the method).
The diluent for the standard solutions was deionised water and 50:50 v/v methanol/water,
depending on the diluent used for the samples.
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2.4. Effect of Filtration on HCQS Solutions

The effect of filtration on the drug concentration, osmolality, and pH was investigated
because the HCQS solutions would be sterilised by filtration before nebulisation. Approxi-
mately 3 mL of the 20, 50, or 100 mg/mL HCQS solution was drawn into a 3 mL syringe
(Terumo, Tokyo, Japan). Then, a sterile Millex-GP 0.22 µm hydrophilic polyethersulfone
membrane syringe filter was attached to the syringe. About 1 mL of the solution was
ejected through the filter and discarded. The remaining 2 mL in the syringe was filtered
and collected into a 2 mL microcentrifuge tube (Quality Scientific Plastics, Petaluma, CA,
USA). The drug concentration, osmolality, and pH of the unfiltered and filtered solutions
were measured as outlined above. For the HPLC runs, all samples were diluted with
deionised water to 500 µg/mL to be within the concentration range of the standard curve.

2.5. Recovery of HCQS from SureGard Filters

SureGard filters (Bird Healthcare, Bayswater, VIC, Australia) were used in the dose
output and cascade impaction runs (connected between the impactor and the vacuum
pump) to collect the nebulised droplets so the recovery of HCQS from this type of filter was
investigated. These filters were spiked with 2 or 75 mg of HCQS by adding 20 or 750 µL
of a 100 mg/mL HCQS nebulised solution to a new filter, respectively. The openings of
the filter were sealed with Parafilm (Bemis, Oshkosh, WI, USA) after adding 10 mL of
deionised water or 50:50 v/v methanol/water. The filters were immediately shook by
hand for 5 min or left to stand for 30 min first, followed by 5 min of shaking. The samples
were diluted 10-fold with deionised water or 50:50 v/v methanol/water accordingly before
HPLC assay.

2.6. Dose Output

The HCQS dose output from three new Aerogen® Solo nebulisers (Mesh numbers
C1901059-0822, C1901059-0797, and C1901059-1623; Aerogen, Galway, Ireland) was mea-
sured with individualised Aerogen Ultra aerosol chambers. These nebulisers plus aerosol
chambers will be referred to in this report as Nebulisers 1, 2, and 3, respectively. The same
Aerogen controller was used for all experiments. One SureGard filter was connected to the
outlet of the Aerogen Ultra mouthpiece. A filter was also fitted to the exhaust end of the
mouthpiece and the exhaust port at the bottom of the Aerogen Ultra (Figure 1). Thus, there
were one outlet filter and two exhaust filters. Silicone adaptors were used to connect the
mouthpiece to the outlet and one of the exhaust filters (Figure 1). The experiments were
conducted under ambient conditions (18–25 ◦C, 20–65% RH).
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The procedure followed the USP method [52] except that the aerosols were collected
from the start to the end of nebulisation instead of collecting them for the first minute using
one output filter and then collecting the rest of the aerosols with another output filter. This
was to avoid drug loss when changing the filters. It would also simplify the experimental
procedure. The output filter was not overloaded by the lengthening of collection duration.
The end of nebulisation was determined by visual inspection when no solution remained
in the nebuliser.

Nebulised dose output was measured for the following HCQS solutions. The same
scheme was adopted for the laser diffraction and cascade impaction experiments (see below).

• 1 mL of 20 mg/mL;
• 1 mL of 50 mg/mL;
• 1 mL of 100 mg/mL;
• 1.5 mL of 100 mg/mL.

HCQS solution was added into the reservoir of the Aerogen Solo by pipetting. The
PWG-33 breathing simulator (Piston Medical, Budapest, Hungary) was connected to the
output filter. The simulated breathing waveform was sinusoidal at 15 cycles/minute, with
an inhalation-to-exhalation ratio of 1:1 and a tidal volume of 500 mL [52]. The outlet and
exhaust filters captured droplets exiting the nebulisers during the inhalation and exhalation
phases in the breathing cycle, respectively. The nebuliser and breathing simulator were
operated from the start to the end of nebulisation, after which the setup was left to stand for
20 min before being removed and assayed. This was to allow the droplets in the Aerogen
Ultra to settle by gravitational sedimentation and avoid potential aerosol loss if the setup
was disassembled immediately. The runs were conducted in triplicate for each nebuliser.

The openings of the two exhaust filters were sealed with Parafilm after adding in 10 mL
of deionised water. Then, the exhaust filters were exhaustively rinsed by shaking for 5 min.
The outlet filter was placed into a 600 mL glass beaker. Four hundred millilitres of deionised
water, a glass weight, and magnetic stirrer were added into that beaker afterwards. The
glass weight was to weigh down the filter to ensure its complete immersion in the water.
The mixture was magnetically stirred for 5 min, followed by shaking for another 5 min. The
liquid reservoir and outlet of the Aerogen Solo were exhaustively washed with 10 mL of
deionised water and 6 min of shaking in total. The same was performed on the two silicone
adaptors. The washings were collected into a 100 mL volumetric flask. The openings of the
Aerogen Ultra were sealed with Parafilm after adding in about 10 mL of deionised water.
The whole chamber was exhaustively rinsed in the same manner as described for Aerogen
Solo. All washings were pooled into the same volumetric flask. The volume was made up
to 100 mL with deionised water. All samples were assayed by HPLC.

2.7. Laser Diffraction

The nebulised droplets were sized by laser diffraction using Spraytec (Malvern Pana-
lytical, Malvern, UK) with an inhalation cell and at an acquisition frequency of 2.5 kHz. The
outlet of the Aerogen Ultra mouthpiece was positioned 1 cm from the laser measurement
zone to minimise evaporation during measurement. A vacuum pump connected to the
other end of the inhalation cell with entrained dilution air was used to remove the aerosols
continuously to (1) prevent droplet re-entrainment of droplets into the laser measurement
zone; and (2) maintain the laser signal transmission >70% to minimise multiple scattering.
The Aerogen Ultra mouthpiece was not sealed to the inhalation cell, so the airflow through
the Aerogen Ultra was unknown. Signals from Detectors 1–10 were excluded to account for
beam steering effects. The real and imaginary refractive indices for the droplets were taken
to be the same as those for water, which were 1.33 and 0.00, respectively. The refractive
index for air was 1.00. These values were deemed appropriate because all measurements
showed low residual values (<0.5%). The droplets were sized when the signal transmission
was <99%. The duration of nebulisation was the time that aerosols were seen by eye to
traverse continuously through the laser measurement zone. The raw data of each run were
processed to yield an averaged volumetric diameter distribution, from which the volumet-
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ric median diameter (VMD) and geometric standard deviation (GSD) were derived. The
percentage of aerosol sample by volume under 1, 2, 3, 5, and 10 µm were also calculated.

2.8. Cascade Impaction

The aerosol performance of the three Aerogen Solo nebulisers coupled to their re-
spective Aerogen Ultra aerosol chambers was measured by the USP method using a Next
Generation Impactor (NGI; USP Apparatus 5; Copley, Nottingham, UK) without a pre-
separator [52]. The same Aerogen controller was used for all the experiments. The NGI
and throat were chilled at 5 ◦C for at least 90 min beforehand. After chilling, a SureGard
filter was connected to the NGI after the micro-orifice collector (MOC) to capture any drug
that passed beyond the lowest impactor stage. The sealing of the apparatus was verified
before each run by a vacuum leak test, after which the airflow rate was set to 15 L/min. A
silicone adaptor was used to connect the mouthpiece to the USP induction port (throat).
The experiments were conducted under ambient conditions (18–25 ◦C, 20–65% RH).

HCQS solution was added into the reservoir of the Aerogen Solo by pipetting. No
exhaust filters were required to be connected to the Aerogen Ultra because the airflow
was suction only. The nebuliser and vacuum pump were operated from the start to the
end of nebulisation. The end of nebulisation was determined by visual inspection when
no solution remained in the nebuliser. The setup was left to stand for 20 min before
being removed and assayed. The co-solvent used for all NGI samples was 50:50 v/v
methanol:water. For the 20 mg/mL HCQS runs, the Aerogen Solo, and Aerogen Ultra were
exhaustively washed with this co-solvent, collected into a 100 mL volumetric flask, and
made up to volume. The post-NGI filter was washed with 10 mL of the co-solvent, as for
the dose output exhaust filter. The adaptor, throat, and NGI impactor stages were washed
with 4 mL of the co-solvent. The assay for the 100 mg/mL HCQS runs was conducted
in the same manner, except that Stages 1–6 were washed with 20 mL instead of 4 mL of
the co-solvent.

The loaded dose was the amount of HCQS added into the nebuliser. The emitted
dose was the total amount of drug assayed from the adaptor to the post-NGI filter. The
recovered dose was the total amount of HCQS assayed on all the parts in the experimental
setup, i.e., from the nebuliser to the post-NGI filter. Fine particle doses (FPDs) under 1, 2, 3,
5, and 10 µm were calculated, from which the corresponding fine particle fractions (FPFs)
with respect to the loaded, emitted, and recovered doses were then derived. Likewise, the
mass median aerodynamic diameter (MMAD) and GSD with respect to the recovered dose
and the emitted dose were calculated. The MMAD was the diameter at 50% undersize
interpolated from the cumulative recovered and emitted doses. The GSD was calculated
by dividing the MMAD by the diameter at 16% undersize, which was in turn interpolated
from the cumulative recovered and emitted doses.

2.9. Measurement of the Density of HCQS Solutions

The density of HCQS solutions (20, 50, and 100 mg/mL) was measured by first
weighing deionised water in a 10 mL volumetric flask, filled to the mark. After discarding
the water and drying the volumetric flask, HCQS solution was added to the mark and
weighed. The density of the HCQS solutions was calculated with the following equation.

ρH = ρW (mH/mw) (1)

where ρH and ρW are the densities of HCQS solution and deionised water, respectively;
and mH and mW are the masses of HCQS solution and deionised water in the 10 mL
volumetric flasks, respectively. The density of deionised water at 24 ◦C, at which the
measurements were conducted, was interpolated from the water density data in the CRC
Handbook of Chemistry and Physics [53]. Three volumetric flasks were used to obtain
triplicate measurements for each solution. The densities of the HCQS solutions were
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used to convert the volumetric diameters measured by laser diffraction to a volumetric
aerodynamic diameter by the following equation [54].

da = dv(ρH/ρ0)0.5 (2)

where da and dv are aerodynamic and volumetric diameters, respectively; and ρ0 is unit
density (1 g/cm3). The volumetric aerodynamic diameter was used for comparing the
droplet sizes measured by laser diffraction to those by cascade impaction.

2.10. Statistical Analysis

One-way analysis of variance followed by Tukey’s post hoc test were performed
using the SPSS software (IBM, Armonk, NY, USA). Statistical differences were indicated by
p < 0.05 and α < 0.05.

3. Results
3.1. Effect of Filtration on Drug Concentration, Osmolality, and pH

Two batches of 100 mg/mL solutions were made (Batches A and B). Batch A was
used to obtain the 20 mg/mL solution by dilution, while Batch B was used directly for the
100 mg/mL experiments and for making the 50 mg/mL solution. No drug degradation
was observed over the 15 days during which all the experiments were performed. The
drug concentration, osmolality, and pH of the HCQS solutions before and after filtration
are presented in Table 1.

Table 1. Drug concentration, osmolality, and pH of HCQS solutions before and after filtration.

Batch A Batch B

100 mg/mL 20 mg/mL 100 mg/mL 50 mg/mL

Before filtration
Concentration (mg/mL) Not measured 20.3 ± 0.2 100.8 ± 0.8 50.8 ± 0.5

Osmolality (mOsmol/kg H2O) 323.0 ± 6.6 286.5 ± 6.6 323.5 ± 14.2 315.5 ± 3.4
pH 7.19 7.38 7.09 7.15

After filtration
Concentration (mg/mL) Not measured 20.0 ± 0.3 99.1 ± 1.1 49.9 ± 0.9

Osmolality (mOsmol/kg H2O) 314.0 ± 4.7 275.3 ± 7.2 321.3 ± 13.4 299.3 ± 5.6
pH 7.16 7.25 7.03 7.11

Osmolality is presented as mean ± standard deviation (n = 4). One pH measurement was made for each solution (n = 1).

The osmolality and pH of all solutions were within the target ranges, regardless of
filtration. The five-fold dilution of the Batch A 100 mg/mL solution to 20 mg/mL reduced
the osmolality from 323.0 to 286.5 mOsmol/kg H2O, but it was still within the target range.
HCQS concentration was not affected by filtration. On the other hand, osmolality and
pH decreased after filtration, but the difference was not significant. Similar trends were
observed for the Batch B 100 mg/mL and 50 mg/mL solutions. The osmolality and pH of
the 50 mg/mL were between those of the 20 mg/mL and 100 mg/mL solutions.

The retention time of the HCQS peak in the HPLC chromatogram was about 8 min.
Table 2 shows the regression equations of the calibration curves with the mean slopes and
y-intercept. They were obtained using fresh standard solutions over 11 and 14 days with
deionised water and 50:50 v/v methanol/water as the diluent, respectively. The standard
curves were similar between the days and were linear (r2 ≈ 1) from 6.25 to 1000 µg/mL. The
detection and quantitation limits were derived by Equations (3) and (4), respectively [55].
The values of slope featured in these equations were taken to be the mean slopes shown in
Table 2.

Detection limit = (3.3 × Standard deviation of the y-intercepts)/Slope (3)
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Quantitation limit = (10 × Standard deviation of the y-intercepts)/Slope (4)

Table 2. HPLC calibration curves, detection limit, and quantitation limit for HCQS from 6.25 to
1000 µg/mL.

Regression Equation Detection Limit
(µg/mL)

Quantitation Limit
(µg/mL)

Deionised water A = 43,294C + 32,746 2.7 8.3
50:50 v/v methanol:water A = 42,848C − 19,037 7.2 21.7

A = Peak area at 254 nm. C = HCQS concentration in µg/mL. The slopes and y-intercepts were the mean of
11 and 14 values for water and the co-solvent, respectively.

The HPLC method was more sensitive with deionised water as the diluent, as shown
by the lower detection and quantitation limits (Table 2). This is interesting to note because
the USP recommends 50:50 v/v methanol/water as the diluent.

3.2. Recovery of HCQS from SureGard Filters

The recovery of HCQS from the spiked SureGard filters using deionised water and
50:50 v/v methanol/water is presented in Table 3. Deionised water was more efficient than
the co-solvent for extracting HCQS from the filters. It obviated the need for the 30-min
standing time to allow the filter to soak before shaking. Drug adsorption to the filter was
appreciable at the low spiked drug level, as 4–5% of drug could not be recovered even when
water was used. This was even more significant (11–12%) with the co-solvent. Therefore,
deionised water was better for assaying the drug from SureGard filters.

Table 3. Recovery of HCQS from spiked SureGard filters.

Deionised Water 50:50 v/v Methanol/Water

2 mg HCQS Immediate 5 min shaking 95.7% 87.3%
30 min standing, 5 min shaking 95.3% 88.9%

75 mg HCQS Immediate 5 min shaking 100.7% 94.4%
30 min standing, 5 min shaking 100.2% 99.3%

One measurement was performed for each scenario (n = 1).

3.3. Dose Output

The nebulisation duration of the 1 mL loaded dose runs is shown in Table 4. The
correlation between solute concentration and nebulisation duration was non-linear. The
nebulisation times with 1.5 mL of 100 mg/mL were understandably longer than with 1 mL.

Table 4. Nebulisation duration of the dose output experiments.

Nebuliser 1 Nebuliser 2 Nebuliser 3 All Nebulisers

1 mL, 20 mg/mL 3 min 26 s ± 7 s 4 min 27 s ± 31 s 3 min 41 s ± 18 s 3 min 51 s ± 33 s
1 mL, 50 mg/mL 5 min 4 s ± 13 s 5 min 7 s ± 10 s 5 min 8 s ± 16 s 5 min 6 s ± 11 s

1 mL, 100 mg/mL 6 min 24 s ± 26 s 6 min 25 s ± 35 s 6 min 22 s ± 6 s 6 min 24 s ± 22 s
1.5 mL, 100 mg/mL 10 min 55 s ± 43 s 9 min 31 s ± 36 s 10 min 24 s ± 45 s 10 min 17 s ± 52 s

Data presented as mean ± standard deviation (n = 3 for Nebulisers 1, 2, and 3; n = 9 for all nebulisers).

The recovered dose for the runs was generally 95–105% of the loaded dose, so drug
recovery was satisfactory. The absolute and relative doses with respect to the recovered
dose for the various parts of the experimental setup are shown in Figure 2. The absolute
dose was the assayed HCQS dose expressed in milligrams, whereas the relative dose was
the assayed HCQS dose expressed as a percentage of the recovered dose. The data for the
absolute doses showed that the amount of drug reaching the exhaust filters was very low.
Most of the drug was shared between the output filter and the Aerogen Solo/Ultra. The
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output dose was approximately proportional to the loaded dose. This was confirmed by
the similar distributions of relative doses on the various parts of the experimental setup
between the concentration/volume combinations. The amount of drug that exited the
nebuliser setup during the exhalation phase of the breathing cycle (i.e., those collected
on the two exhaust filters) was low, with <2% of the recovered dose on each filter. About
half of the recovered dose was emitted onto the output filter, which represented the
amount of HCQS that a patient would inhale, assuming that the simulated breathing cycle
is representative of the patient’s breathing; the remainder was retained in the Aerogen
Solo/Ultra. The output with respect to the recovered dose from 1 mL of 50 mg/mL was
slightly lower than that from 1.5 mL of 100 mg/mL (Figure 2). This is explained by the
correspondingly higher drug retention in the Aerogen Solo/Ultra.
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3.4. Laser Diffraction

The droplet size distributions measured by laser diffraction were stable over the
entire measurement period for each run. The nebulisation duration (Table 5) was longer
than the actual measurement time because the aerosol concentrations were low (“thin”
aerosols) at the start and end of nebulisation, so the laser signal transmission at these
times was higher than the trigger threshold for measurement (99.9%). The measurements
generally started a few seconds after aerosols appeared in the measurement zone for all
drug concentrations/volumes. The thin aerosol tailing near the end of nebulisation (i.e.,
thin aerosols in the measurement zone but no sizing was triggered) took about 30 s and
was particularly longer (up to 1 min) for 20 mg/mL.

The size distributions were all monomodal and reproducible between the three nebu-
lisers, with the peak at about 5 µm (Figure 3). There was a slight shift in the distribution
to the smaller size between 100 mg/mL (both volumes) and the other two HCQS concen-
trations. This difference was more obvious in the VMD (Figure 4). Although the VMD
for all concentrations/volumes was between 4.3 and 5.2 µm, the droplets produced from
100 mg/mL solutions were slightly but significantly (p < 0.05) smaller than those from
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20 and 50 mg/mL (Figure 4). The GSD was relatively consistent between the four concen-
trations/volumes, at about 1.8 (Figure 5). However, the GSD from 1.5 mL of 100 mg/mL
was also slightly but significantly (p < 0.05) lower than that from 1 mL of 20 mg/mL.

Table 5. Nebulisation duration of the laser diffraction experiments.

Nebuliser 1 Nebuliser 2 Nebuliser 3 All Nebulisers

1 mL, 20 mg/mL 6 min 1 s ± 25 s 5 min 54 s ± 17 s 6 min 7 s ± 15 s 6 min 1 s ± 18 s
1 mL, 50 mg/mL 6 min 24 s ± 22 s 6 min 50 s ± 8 s 6 min 32 s ± 3 s 6 min 35 s ± 16 s

1 mL, 100 mg/mL 7 min 4 s ± 3 s 6 min 51 s ± 13 s 6 min 55 s ± 3 s 6 min 56 s ± 9 s
1.5 mL, 100 mg/mL 11 min 42 s ± 36 s 11 min 23 s ± 31 s 11 min 19 s ± 45 s 11 min 28 s ± 34 s

Data presented as mean ± standard deviation (n = 3 for Nebulisers 1, 2, and 3; n = 9 for all nebulisers).
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The percentage of aerosol sample by volume under 1, 2, 3, 5, and 10 µm is shown in
Figure 6. About 50–60% of the aerosols was <5 µm. The nebulisers produced minimal
submicron droplets at all concentrations/volumes, but the 100 mg/mL solution consistently
produced more droplets by volume than 20 and 50 mg/mL at all cutoff diameters. In
other words, the droplets from the 100 mg/mL solution were smaller than those from the
other two solutions. No clear dependence between droplet size and relative humidity was
observed, so the difference in droplet size was attributed to the solute concentration and
the resultant changes in the physicochemical characteristics of the solutions.
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3.5. Cascade Impaction

The nebulisation durations of the NGI runs (Table 6) were similar to those for the
dose output runs (Table 4). The recovered dose was close to the loaded dose for all the
runs, so drug recovery was satisfactory. The absolute and relative doses (with respect to
the recovered dose) for the various parts of the setup are shown in Figure 7. Only a small
amount of HCQS (<1%) was collected on the post-NGI filter, so the NGI captured practically
all the emitted doses. About 30–40% of the recovered dose remained in the nebulisers after
the NGI runs, compared to 50% after the dose output runs (Figures 2 and 7, respectively).
This might be due to the vacuum pump continuously removing droplets from the Aerogen
Ultra into the NGI rather than blowing them back repeatedly into the aerosol chamber, as
in the case of the breath simulator during the exhalation phase employed in the delivered
dose experiments. The overall aerosol performance profiles were similar between the
concentrations/volumes, with minimal throat deposition (Figure 7). However, 1.5 mL of
100 mg/mL showed more drug on Stages 4 and 5, so there was a higher proportion of
fine droplets.

Table 6. Nebulisation duration of the cascade impaction experiments.

Nebuliser 1 Nebuliser 2 Nebuliser 3 All Nebulisers

1 mL, 20 mg/mL 3 min 48 s ± 7 s 3 min 50 s ± 44 s 3 min 32 s ± 22 s 3 min 44 s ± 26 s
1 mL, 50 mg/mL 5 min 43 s ± 9 s 5 min 15 s ± 19 s 5 min 35 s ± 10 s 5 min 31 s ± 17 s

1 mL, 100 mg/mL 6 min 41 s ± 42 s 6 min 26 s ± 33 s 6 min 18 s ± 21 s 6 min 28 s ± 30 s
1.5 mL, 100 mg/mL 10 min 48 s ± 20 s 9 min 53 s ± 48 s 9 min 6 s ± 26 s 9 min 56 s ± 53 s

Data presented as mean ± standard deviation (n = 3 for Nebulisers 1, 2, and 3; n = 9 for all nebulisers).

Pharmaceutics 2021, 13, 1260 14 of 23 
 

 

 
Figure 7. Absolute and relative doses of HCQS on the various parts of the NGI setup. The four bars represent 1 mL of 20 
mg/mL (black), 1 mL of 50 mg/mL (white), 1 mL of 100 mg/mL (gray), and 1.5 mL of 100 mg/mL (hatch). Data presented 
as mean ± standard deviation (n = 3). 

The emitted dose, FPD, FPF < 5 µm loaded, FPF < 5 µm emitted, MMAD emitted, and 
GSD emitted derived from the NGI data are summarised in Table 7, together with other 
key parameters measured in the dose output and laser diffraction experiments for com-
parison. The overall dose output rate was calculated by dividing the dose of HCQS col-
lected in the output filter by the duration of nebulisation in the dose output experiments. 
The higher FPF and MMAD of 1.5 mL of 100 mg/mL also indicate that it produced smaller 
droplets than the other concentrations/volumes. The GSD gradually decreased with in-
creasing concentration/volume, so the size distribution became narrower. These trends 
were also observed in the VMD and GSD in the laser diffraction data (Table 7). The doses 
collected in the output filter in the dose output experiments were consistently lower than 
the emitted doses in cascade impaction. This was because the vacuum pump in the latter 
constantly pulled the aerosol out of the nebuliser (continuous “inhalation”), and the 
breath simulator in the former generated a sinusoidal flow (periodic “inhalation” and “ex-
halation”). 

Table 7. Summary of the key parameters measured in the dose output, laser diffraction, and cascade impaction experi-
ments. 

 1 mL of 20 mg/mL 1 mL of 50 mg/mL 1 mL of 100 mg/mL 1.5 mL of 100 mg/mL 
Dose output 

Dose collected in output filter (mg) 9.05 ± 0.96 21.67 ± 2.81 48.76 ± 5.57 75.88 ± 5.87 
Overall dose output rate (mg/min) 2.38 ± 0.38 4.25 ± 0.57 7.63 ± 0.82 7.42 ± 0.71 

Laser diffraction 
VMD (µm) 4.95 ± 0.17 5.19 ± 0.25 4.34 ± 0.31 4.42 ± 0.19 

GSD 1.85 ± 0.04 1.84 ± 0.02 1.83 ± 0.04 1.80 ± 0.02 
Cascade impaction 

Emitted dose (mg) 13.2 ± 1.15 33.8 ± 2.19 61.9 ± 5.28 99.0 ± 5.71 
FPD < 5 µm (mg) 9.49 ± 1.13 22.7 ± 1.34 44.2 ± 5.60 81.6 ± 6.93 

FPF < 5 µm loaded (%) 47.3 ± 5.64 45.3 ± 2.74 44.2 ± 5.60 54.4 ± 4.57 
FPF < 5 µm emitted (%) 71.8 ± 3.44 67.3 ± 3.25 71.3 ± 4.71 82.3 ± 3.02 
MMAD emitted (µm) 3.00 ± 0.18 3.27 ± 0.25 2.99 ± 0.27 2.50 ± 0.17 

GSD emitted 2.02 ± 0.06 1.94 ± 0.14 1.88 ± 0.05 1.75 ± 0.05 
Data presented as mean ± standard deviation (n = 9). 

Figure 7. Absolute and relative doses of HCQS on the various parts of the NGI setup. The four bars represent 1 mL
of 20 mg/mL (black), 1 mL of 50 mg/mL (white), 1 mL of 100 mg/mL (gray), and 1.5 mL of 100 mg/mL (hatch). Data
presented as mean ± standard deviation (n = 3).

The emitted dose, FPD, FPF < 5 µm loaded, FPF < 5 µm emitted, MMAD emitted, and
GSD emitted derived from the NGI data are summarised in Table 7, together with other key
parameters measured in the dose output and laser diffraction experiments for comparison.
The overall dose output rate was calculated by dividing the dose of HCQS collected in the
output filter by the duration of nebulisation in the dose output experiments. The higher
FPF and MMAD of 1.5 mL of 100 mg/mL also indicate that it produced smaller droplets
than the other concentrations/volumes. The GSD gradually decreased with increasing
concentration/volume, so the size distribution became narrower. These trends were also
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observed in the VMD and GSD in the laser diffraction data (Table 7). The doses collected in
the output filter in the dose output experiments were consistently lower than the emitted
doses in cascade impaction. This was because the vacuum pump in the latter constantly
pulled the aerosol out of the nebuliser (continuous “inhalation”), and the breath simulator
in the former generated a sinusoidal flow (periodic “inhalation” and “exhalation”).

Table 7. Summary of the key parameters measured in the dose output, laser diffraction, and cascade impaction experiments.

1 mL of 20 mg/mL 1 mL of 50 mg/mL 1 mL of 100 mg/mL 1.5 mL of 100 mg/mL

Dose output
Dose collected in output filter (mg) 9.05 ± 0.96 21.67 ± 2.81 48.76 ± 5.57 75.88 ± 5.87
Overall dose output rate (mg/min) 2.38 ± 0.38 4.25 ± 0.57 7.63 ± 0.82 7.42 ± 0.71

Laser diffraction
VMD (µm) 4.95 ± 0.17 5.19 ± 0.25 4.34 ± 0.31 4.42 ± 0.19

GSD 1.85 ± 0.04 1.84 ± 0.02 1.83 ± 0.04 1.80 ± 0.02

Cascade impaction
Emitted dose (mg) 13.2 ± 1.15 33.8 ± 2.19 61.9 ± 5.28 99.0 ± 5.71
FPD < 5 µm (mg) 9.49 ± 1.13 22.7 ± 1.34 44.2 ± 5.60 81.6 ± 6.93

FPF < 5 µm loaded (%) 47.3 ± 5.64 45.3 ± 2.74 44.2 ± 5.60 54.4 ± 4.57
FPF < 5 µm emitted (%) 71.8 ± 3.44 67.3 ± 3.25 71.3 ± 4.71 82.3 ± 3.02
MMAD emitted (µm) 3.00 ± 0.18 3.27 ± 0.25 2.99 ± 0.27 2.50 ± 0.17

GSD emitted 2.02 ± 0.06 1.94 ± 0.14 1.88 ± 0.05 1.75 ± 0.05

Data presented as mean ± standard deviation (n = 9).

3.6. Comparison of Dose Output, Laser Diffraction, and Cascade Impaction Data

Laser diffraction and cascade impaction data were compared to check their correlation
because cascade impaction measurements can be affected by droplet evaporation in the
entrained dilution air [56,57]. To improve the accuracy of the comparison, the major
parameters from laser diffraction (VMD and %V < 1, 2, 3, 5, 10 µm) were converted
to their volumetric aerodynamic diameters by Equation (2). The density of the 20, 50,
and 100 mg/mL HCQS solutions were measured to be 1.008, 1.019, and 1.033 g/cm3,
respectively, and were used in the calculation. The data are shown in Table 8. Correlation
between the two techniques was reflected in the percent ratio of each parameter, which
was the quotient of a given parameter measured by cascade impaction and that by laser
diffraction. The FPFs measured by cascade impaction for all concentrations/volumes were
consistently higher than those by laser diffraction at the corresponding cutoff diameters
(Table 8). By the same token, the MMAD with respect to the emitted dose measured by
cascade impaction was smaller than the volumetric median aerodynamic diameter (VMAD)
by laser diffraction. The smaller particle sizes measured by cascade impaction could be
attributed to droplet evaporation in the NGI. Despite this, its width remained relatively
constant. The deviation between the corresponding GSDs was 97–110%, indicating that
evaporation in the NGI was a monotonous shift to the smaller sizes without changing
the width of the distribution. The main trend observed in the FPFs and %V undersize
was that the lower the cutoff diameter, the larger the deviation between the two datasets,
with relatively close agreement at 10 µm (97–104% deviation), to > 120% deviation at
5 µm, and > 200% deviation at 2 µm. This was most likely due to the faster evaporation
rates of small droplets, which increased the FPF to a greater extent at the lower cutoff
sizes. In addition, the deviation between the two datasets decreased with increasing HCQS
concentration for the 1 mL solutions. This might be due to the reduction in vapour pressure
with increasing HCQS concentration, which decreased the evaporation rate.
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Table 8. Comparison of cascade impaction and laser diffraction data.

1 mL of 20 mg/mL

Cascade Impaction Data Laser Diffraction Data
(Aerodynamic Diameter)

Cascade Impaction Data/Laser
Diffraction Data (%)

FPF emitted < 1 µm (%) 6.28 ± 0.53 %V < 1 µm 1.17 ± 0.53 638.81 ± 277.78
FPF emitted < 2 µm (%) 29.49 ± 0.95 %V < 2 µm 9.79 ± 0.95 305.00 ± 51.55
FPF emitted < 3 µm (%) 50.18 ± 1.29 %V < 3 µm 23.54 ± 1.29 214.19 ± 24.19
FPF emitted < 5 µm (%) 71.76 ± 1.99 %V < 5 µm 50.69 ± 1.99 141.88 ± 10.90

FPF emitted < 10 µm (%) 90.88 ± 1.78 %V < 10 µm 86.94 ± 1.78 104.60 ± 3.58
MMAD emitted (µm) 3.00 ± 0.17 VMAD (µm) 4.97 ± 0.17 60.45 ± 5.11

GSD emitted 2.02 ± 0.04 GSD 1.85 ± 0.04 109.53 ± 4.91

1 mL of 50 mg/mL

FPF emitted < 1 µm (%) 4.96 ±0.30 %V < 1 µm 1.05 ± 0.30 506.31 ± 166.86
FPF emitted < 2 µm (%) 24.48 ± 0.67 %V < 2 µm 8.63 ± 0.67 286.29 ± 46.16
FPF emitted < 3 µm (%) 45.29 ± 1.73 %V < 3 µm 21.46 ± 1.73 212.77 ± 28.92
FPF emitted < 5 µm (%) 67.30 ± 2.83 %V < 5 µm 47.93 ± 2.83 140.96 ± 12.42

FPF emitted < 10 µm (%) 88.34 ± 2.04 %V < 10 µm 84.86 ± 2.04 104.17 ± 3.42
MMAD emitted (µm) 3.27 ± 0.25 VMAD (µm) 5.23 ± 0.25 62.77 ± 6.63

GSD emitted 1.94 ± 0.02 GSD 1.84 ± 0.02 105.51 ± 7.74

1 mL of 100 mg/mL

FPF emitted < 1 µm (%) 4.68 ± 0.36 %V < 1 µm 1.31 ± 0.36 373.53 ± 95.63
FPF emitted < 2 µm (%) 27.62 ± 2.44 %V < 2 µm 13.28 ± 2.44 214.13 ± 50.89
FPF emitted < 3 µm (%) 50.65 ± 3.80 %V < 3 µm 29.73 ± 3.80 172.71 ± 28.55
FPF emitted < 5 µm (%) 71.34 ± 4.29 %V < 5 µm 57.62 ± 4.29 124.33 ± 11.29

FPF emitted < 10 µm (%) 88.44 ± 2.08 %V < 10 µm 91.18 ± 2.08 97.03 ± 2.54
MMAD emitted (µm) 2.99 ± 0.32 VMAD (µm) 4.39 ± 0.32 68.46 ± 7.29

GSD emitted 1.88 ± 0.04 GSD 1.83 ± 0.04 103.18 ± 4.36

1.5 mL of 100 mg/mL

FPF emitted < 1 µm (%) 6.58 ± 0.20 %V < 1 µm 0.90 ± 0.20 777.58 ± 273.88
FPF emitted < 2 µm (%) 36.57 ± 1.04 %V < 2 µm 11.87 ± 1.04 309.75 ± 39.07
FPF emitted < 3 µm (%) 62.87 ± 1.91 %V < 3 µm 28.15 ± 1.91 223.94 ± 19.12
FPF emitted < 5 µm (%) 82.28 ± 2.74 %V < 5 µm 56.32 ± 2.74 146.31 ± 7.45

FPF emitted < 10 µm (%) 94.29 ± 1.85 %V < 10 µm 90.76 ± 1.85 103.92 ± 2.10
MMAD emitted (µm) 2.50 ± 0.19 VMAD (µm) 4.50 ± 0.19 55.66 ± 3.90

GSD emitted 1.75 ± 0.02 GSD 1.80 ± 0.02 97.43 ± 2.57

Data presented as mean ± standard deviation (n = 9).

4. Discussion

The ClinicalTrials.gov (accessed on 20 May 2021) database records several clinical studies
on inhaled hydroxychloroquine for COVID-19 at various stages of progress, from recently
completed to not yet recruiting [58]. There are Phase 1 safety, tolerability, and pharmacoki-
netic studies on healthy subjects (ClinicalTrials.gov Identifier: NCT04461353, NCT04497519,
NCT04697654), as well as efficacy studies on COVID-19 patients (NCT04477083, NCT04731051),
but no results from the completed trials were available as of 17 July 2021. The formulations
investigated included nebulised solutions (NCT04461353, NCT04731051), nebulised liposomal
suspension (NCT04697654), and inhaled dry powders (NCT04497519, NCT04477083).

Inhaled hydroxychloroquine solutions had been tested on humans in the past. HCQS
(50 µL of 100 mg/mL) aerosolised from the AERx® Pulmonary Delivery System was
studied more than a decade ago in Phase 1 and Phase 2 clinical trials for asthma treatment,
owing to its anti-inflammatory properties [40]. Subjects inhaling nebulised 20 mg or 50 mg
HCQS experienced only mild adverse effects (altered sense of taste and dizziness), with
minimal influence on pulmonary and cardiac functions [48]. Two researchers recently
self-tested the effects of inhaled hydroxychloroquine by inhaling a nebulised solution (1 mg
in 2 mL of normal saline) twice a day [25]. The dose was increased gradually to 4 mg daily
over one week. It was also well-tolerated, with the only notable adverse effect being a bitter
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aftertaste that remained in the mouth for up to 3 h after inhalation [25]. HCQS is bitter [59],
which can affect the palatability of the nebulised solutions as the volume delivered is much
larger than that from an AERx system. The consumption of peanut butter and hazelnut
chocolate spread immediately after oral administration of a bitter drug such as ritonavir
has been shown to decrease the duration and intensity of the aftertaste [60]. This practice
may be considered after inhaling nebulised HCQS solutions. Alternatively, taste-masking
liposomes loaded with the drug may be used instead, but its formulation and drug release
profile are more complex [61]. A liposomal HCQS formulation delivered to Sprague–
Dawley rats by intratracheal instillation showed higher dose and longer drug retention
in the lungs, as well as lower systemic exposure, compared to intravenous injection of
unformulated HCQS [62].

Aerogen Solo is a vibrating mesh nebuliser that can be used directly with a mouth-
piece/face mask or integrated into breathing circuits with a ventilator/nasal cannula [63].
The Aerogen Ultra acts as an aerosol holding chamber used in conjunction with the Aero-
gen Solo. It has a port for external air entrainment and optional supplemental oxygen,
where an Exhaust filter 2 was connected (Figure 1). The versatility of the nebuliser setup is
an advantage for treating COVID-19 because it can be used in patients with various degrees
of breathing ability, depending on the severity of the disease. It is also better than jet and
ultrasonic nebulisers because the temperature and solute concentration of the liquid in the
reservoir remain constant during nebulisation [64]. Its atomisation mechanism is efficient,
as the residual volume at the end of nebulisation is only about 50 µL [64]. This nebuliser
had been used to administer HCQS to adult subjects in a recent Phase 1 pharmacokinetic
study [48]. Therefore, Aerogen Solo was chosen for nebulising the HCQS solutions in the
current study.

SARS-Cov-2 is primarily transmitted by the dispersion of bioaerosols from the patient
through breathing, speaking, coughing, or sneezing [65]. There is a widely held concern
that patients using nebulisers can increase the spread of respiratory pathogens through
exhaling contaminated droplets into the surroundings. Nebulisers were consequently
banned in Hong Kong during the SARS outbreak there in 2003 [65]. Jet nebulisers would
have been the most common nebulisers used at that time. Normally, nebulisers should not
produce virus-laden droplets unless they and/or the nebulised liquid are contaminated.
The liquid reservoir of jet nebulisers is open to the inhalation/exhalation pathway, so it can
be contaminated by bioaerosols from the patient being blown into it or by the materials from
the patient’s mouth dripping into the nebuliser bowl, thereby generating infected droplets
that may escape into the environment if such aerosol leaves the nebuliser system while
the patient is exhaling. Furthermore, not all inhaled nebulised droplets will deposit in the
lungs. Some of them may be exhaled after a brief stay in the airways. It is still controversial
whether these initially virus-free nebulised droplets can become contaminated while inside
the airways before they are exhaled. One view is that if an inhaled droplet deposits
onto the mucosal lining of the respiratory tract, then it would coalesce and fuse with the
airway surface fluid so it cannot be exhaled [65]. For droplets that entered the airways but
have not deposited, they should remain virus-free when they are exhaled because they
did not contact the infected airway surface [65]. However, it may also be possible that
during transit, those initially clean droplets coalesce with virus-laden droplets that are
naturally produced in the airways, without contacting the mucosal surface. Then, these
contaminated droplets may be exhaled into the surroundings. Whatever the situation is,
precaution should be taken when healthcare workers and patients use nebulisers to prevent
contamination of the equipment and environment. Both the exhaled aerosol as well as the
aerosol that is generated but not inhaled while the patient is exhaling is filtered out by the
exhaust filter on the Aerosol Solo Ultra. Exhaust filters should be placed in the manner
adopted in the dose output experiments to capture all exhaled droplets (Figure 1). Their
collection efficiency was excellent because drug recovery was near 100%. Additionally, the
nebulisers should be disinfected thoroughly before and after use.
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Filtration of the HCQS solutions through a 0.22 µm syringe filter did not affect the
drug concentration, so this could be a suitable sterilisation method. The osmolality and
pH of the solutions were controlled because acidity and non-isotonicity may trigger bron-
choconstriction and cough [51,66]. The osmolality of normal saline and physiological
plasma are 286 and 288 mOsmol/kg H2O, respectively [67]. The osmolality of the normal
saline used for dilution in the current study conformed to this range. The osmolality of
inhaled solutions should preferably be <320 mOsmol/kg H2O [66]. After filtration, the
osmolality of the HCQS solutions decreased to near or below this level, so they are suitable
(Table 1). The airway surface liquid in conducting airways and the alveolar subphase fluid
in alveoli have a pH of 6.9 [68]. However, they become more acidic when the lungs are
infected and inflamed, with a pH reduction of at least 0.2 from baseline in pneumonia [69].
Airway surface fluid has substantial buffering capacity so that the deposition of unbuffered
aerosols, such as the HCQS solutions, would only induce a transient pH change that can
quickly be restored [66]. Since the pH of the filtered HCQS solutions was near-neutral
(7.03–7.25) (Table 1), disturbance to the pH in the airways should be minimal.

Since chloroquine binds to glass and plastics [70,71], the potential adsorption of
hydroxychloroquine to surfaces of the containers and experimental setup in the study
was checked in preliminary experiments. The concentration of the HCQS solutions was
unchanged after contacting surfaces in Aerogen Solo and Ultra (data not shown). On the
other hand, adsorption was observed in the SureGard filters, especially with the lower
level of spiked drug (Table 3). The ability of recovering the drug in the assay was different
between deionised water and 50:50 methanol/water. This could be due to a difference in
the affinity of HCQS between the filter material and the washing liquid. This is analogous
to the situation in a HPLC column between the stationary and mobile phases. HCQS was
more easily extracted from SureGard filters by water than the co-solvent. The difference
in the extraction power of the liquids was more prominent at low drug concentrations
because the liquids had to compete with drug adsorption on the filter. The recovery could
be improved by soaking the filters with the liquids for 30 min before shaking (Table 3).
However, the absolute amount not recovered from 2 mg was only about 0.1 mg for water
and 0.24 mg for the co-solvent. These constitute <1.5% of the loaded dose in the nebulisers
for the concentrations/volumes investigated in this project so the resultant error in the
total recovery was insignificant. Therefore, the final results of the filters did not require
correction. On the other hand, recovery from spiked NGI impactor stages with 50:50
methanol/water was high (data not shown) so drug adsorption on the metallic surfaces
was negligible. Therefore, the co-solvent was used for the cascade impaction experiments
because it is recommended by the USP. The rationale was to follow the USP HPLC method
unless there was a need for minor adjustments. Thus, deionised water was used instead
for the dose output experiments to maximise recovery because the droplets were collected
by SureGard filters rather than metallic impactor stages.

The nebulisation duration in the laser diffraction experiments (Table 5) were longer
than those in the dose output (Table 4) and cascade impaction experiments (Table 6),
especially for 20 mg/mL. Although the determination of the end of nebulisation was
different between these experiments (the aerosol cloud could be easily observed visually in
laser diffraction but it could not be seen clearly in the dose output and cascade impaction
experiments), it could not account for the doubling of nebulisation duration for 20 mg/mL.
It might be due to an effect of lower airflow through the Aerogen Ultra in the laser
diffraction experiments and a potential augmented influence from solute concentration on
lengthening nebulisation duration.

The HCQS solutions at all concentrations/volumes could form inhalable droplets, but
the droplet sizes measured by cascade impaction were consistently smaller than those by
laser diffraction, with smaller MMADs and higher FPFs (Table 8). The USP recommends
pre-chilling the NGI to minimise droplet evaporation [52]. However, despite that, evap-
oration could still occur because the dilution air drawn into the impactor was ambient,
which was warmer and non-humidified [57,72–74]. The USP does not require the use of
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humidified air, nor are the nebulisers clinically used with humidified air. However, air
is humidified rapidly as it enters the airways, so inhaled isotonic droplets should not
evaporate significantly [75]. Therefore, laser diffraction data would better reflect their
true size distribution because the measurement zone was close to the exit of the nebuliser
mouthpiece, where there was minimal evaporation [72].

Droplet size was observed to decrease with increasing HCQS concentration, especially
between 50 and 100 mg/mL (Tables 7 and 8). This trend has been reported in previous
studies on vibrating mesh nebulisers [76–79]. An increase in the concentration of ionic
species increased the electrical conductivity of the liquid, which then dissipated the high
charges that would otherwise be present between water and the nebuliser mesh. Conse-
quently, fluid adhesion to the mesh was reduced, and droplets could be detached easier,
resulting in the production of smaller droplets [76–79]. However, the reduction in droplet
size with increasing ionic concentration is sigmoidal [79]. In other words, the droplet
size will reach a plateau after the ionic concentration exceeds a threshold. The threshold
concentration is dependent on the ionic species and liquid vehicle and beyond which other
physicochemical factors (e.g., viscosity and surface tension) may then become dominant in
affecting droplet size [76–79]. It has been reported that droplet size from vibrating mesh
nebulisers decreases with viscosity [76–78]. It should be noted that any factors that affect
droplet size may also affect the aerosol output rate. The electrical conductivity, viscosity,
and surface tension of the HCQS solutions were not measured in the current study, but the
100 mg/mL solutions were qualitatively more viscous than the 20 and 50 mg/mL solutions.
Thus, it is unknown which of the aforementioned physicochemical factors exerted the most
effect on the droplet size in the present study.

The in vivo antiviral and anti-inflammatory concentrations of hydroxychloroquine
in the airways is unknown, but its in vitro antiviral EC50 is approximately 1–5 µM, as dis-
cussed in the Introduction. After inhaling a nominal dose of 50 mg HCQS from an Aerogen
nebuliser in a Phase 1 study, the peak respiratory tissue concentration was predicted by
pharmacokinetic modelling to reach 500 µM, which was at least 100-fold higher than the
in vitro antiviral EC50 [48]. It decreased to 10 µM at 24 h post-inhalation but was still at
least double the in vitro EC50. This supports the feasibility of treating COVID-19 with
nebulised HCQS solutions. High drug levels in the airways can be maintained by multiple
daily inhalations. Idkaidek et al. employed a physiologically based pharmacokinetic model
to estimate the inhaled dose needed for COVID-19 based on this concentration range [80].
The model featured droplets with a VMD of 5.6 µm. The proportions depositing in the
trachea, bronchioles, and alveoli were 10, 13, and 30% by mass, respectively [80]. Their sum
(53%) could be interpreted as the proportion of the emitted aerosol < 5 µm because they the-
oretically deposited in the lungs. It was found that inhaling 25 mg of hydroxychloroquine
twice a day could achieve a maximum concentration (Cmax) ≥ 7 µM in the various parts of
the lungs, while the plasma Cmax was only 0.18 µM [80]. If the inhaled dose was doubled
to 50 mg hydroxychloroquine twice a day, then the lung Cmax reached ≥ 13 µM and plasma
Cmax increased to 0.35 µM. Thus, pulmonary drug concentrations higher than the in vitro
antiviral EC50 with low systemic absorption are potentially achievable. The plasma hydrox-
ychloroquine concentration for rheumatoid arthritis treatment is typically < 1 µM, while
serious toxicity was associated with plasma levels from 2.05 to 18.16 µM [81]. Therefore,
systemic adverse effects should be minimal with the low plasma concentrations from the
inhalation regimens outlined above. The emitted dose obtained from the dose output
experiments was 9.1–75.9 mg (Table 7), depending on the concentration/volume of the
HCQS solution. This encompassed the range of 25–50 mg hydroxychloroquine (equiva-
lent to 32.3–64.5 mg HCQS) proposed by Idkaidek et al. The VMD of our droplets were
4.3–5.2 µm, with 50–60% of them < 5 µm (Table 7, Figure 6), so they were slightly smaller
than those used in their model. This suggests that if our HCQS aerosols were inhaled
twice a day, especially with the two volumes of 100 mg/mL HCQS solutions (dose outputs
of 48.8–75.9 mg), they may be able to produce pulmonary drug concentrations above the
in vitro antiviral EC50. To put this into perspective, 400–600 mg of HCQS were delivered
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orally per day in previous COVID-19 clinical trials [30]. This is 5–12-fold higher than the
emitted doses from the two volumes of 100 mg/mL HCQS solutions. Yao et al. proposed
several oral delivery regimens involving hundreds of milligrams HCQS taken twice to
four times daily using physiologically based pharmacokinetic modelling to maintain suf-
ficiently high ratios of free lung tissue trough concentration to the in vitro EC50 (RLTEC),
in the range of 21–169 [27]. The higher the RLTEC, the more likely in vivo antiviral activity
is achieved [45]. However, it was found that the free lung trough concentration used by
Yao et al. included the in vivo intracellular drug concentration, which is expected to much
higher than the in vivo extracellular drug concentration because HCQS highly accumu-
lates in acidic cellular organelles (e.g., endosomes and lysosomes) [45]. Since the reported
in vitro EC50 was extracellular, Yao et al. overestimated the RLTEC. The corrected RLTEC was
much lower after recalculation with the in vivo extracellular drug concentration, ranging
from 0.11 to 0.34 [45], which was deemed too low for in vivo antiviral efficacy. Moreover,
the risk of systemic adverse effects from the high oral doses outweighed the low to lack of
therapeutic effects observed in clinical studies [17,18,30]. Therefore, inhalation would be
more efficient and safer for potential treatment of COVID-19.

As mentioned above, intratracheal liposomal HCQS has been tested on rats [62]. There
is also a human clinical trial on a nebulised liposomal HCQS suspension (NCT04697654) [58].
Therefore, formulating the drug as simple, aqueous solutions is not the only approach.
Multivalent nanoparticles functionalised with ligands targeting SARS-CoV-2 and/or receptors
for cellular infection have been proposed for COVID-19 treatment, owing to their engineering
flexibility and versatility [82]. They can be designed to target multiple pathogenic pathways of
the disease. Multivalent nanoparticles may be employed to deliver otherwise toxic compounds
such as oncology drugs (e.g., erlotinib and sunitinib), which may prevent viral entry into cells
by inhibiting AP2-associated protein kinase 1 [82]. Systemic adverse effects are minimised
due to the specificity offered by the functional ligands. However, although the number
of approved nanoparticle products has been growing, their development takes years to
decades, as they have unique technical, safety, and regulatory challenges [83]. Moreover,
complex constructs such as multivalent nanoparticles may become damaged by the shear
and stress during aerosolisation so they may not be a straightforward formulation option.
Given the extremely urgent need to develop readily accessible and affordable therapy for the
prophylaxis and treatment of COVID-19 for ambulatory and hospitalised patients, including
those who may require ventilators, repurposing a well-established drug with antiviral and
anti-inflammatory activities that has been used clinically, such as HCQS, is an attractive path
to the rapid development of safe and effective treatments. Indeed, the United States and
European Union have abbreviated regulatory pathways for drugs previously approved for
human use. In addition, the risk of inhaled aqueous HCQS solutions is very low because
of the reports of good safety and tolerability, even in patients with pulmonary disease (see
above). Therefore, the translational and clinical barriers are significantly lower. The risk of
failure due to safety problems is also much reduced.

5. Conclusions

Inhalable droplets of isotonic and pH-neutral HCQS solutions generated from vibrat-
ing mesh nebulisers were characterised. Droplet size decreased with increasing solute con-
centration. A range of emitted and fine particle doses were obtained with 20–100 mg/mL
HCQS, with the 100 mg/mL solution potentially able to achieve sufficiently high drug con-
centrations in the airways for antiviral effects of COVID-19 with low systemic absorption.
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Abstract: This work illustrates the development of a dry inhalation powder of cyclosporine-A
for the prevention of rejection after lung transplantation and for the treatment of COVID-19. The
influence of excipients on the spray-dried powder’s critical quality attributes was explored. The
best-performing powder in terms of dissolution time and respirability was obtained starting from
a concentration of ethanol of 45% (v/v) in the feedstock solution and 20% (w/w) of mannitol. This
powder showed a faster dissolution profile (Weibull dissolution time of 59.5 min) than the poorly
soluble raw material (169.0 min). The powder exhibited a fine particle fraction of 66.5% and an
MMAD of 2.97 µm. The inhalable powder, when tested on A549 and THP-1, did not show cytotoxic
effects up to a concentration of 10 µg/mL. Furthermore, the CsA inhalation powder showed efficiency
in reducing IL-6 when tested on A549/THP-1 co-culture. A reduction in the replication of SARS-CoV-
2 on Vero E6 cells was observed when the CsA powder was tested adopting the post-infection or
simultaneous treatment. This formulation could represent a therapeutic strategy for the prevention
of lung rejection, but is also a viable approach for the inhibition of SARS-CoV-2 replication and the
COVID-19 pulmonary inflammatory process.

Keywords: cyclosporine-A; spray-drying; dry powder inhaler; SARS-CoV-2; cytokine storm;
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1. Introduction

Cyclosporine-A (CsA) is a cyclic peptide with an immunosuppressive action, admin-
istered for the treatment of various pathologies that share uncontrolled activation of the
immune system, e.g., atopic dermatitis and psoriasis. Since entering the market in 1983,
CsA, a calcineurin inhibitor peptide, has been widely used in the treatment of various
autoimmune conditions characterised by the strong activation of the immune system [1].
The success of this molecule is related to its selective and reversible inhibition of the pro-
duction of pro-inflammatory cytokines by T-lymphocytes [2]. CsA is intravenously and
orally (as soft capsules) administered and is currently used for the prevention of allograft
rejection in various organ transplantations. Indeed, the continuous activation of T-cells
in the transplanted lung is the key factor bringing on bronchiolitis obliterans syndrome
(BOS) characterised by extensive fibroproliferation and loss of lung functionality [3]. BOS
is considered a marker of chronic rejection and causes 30% of deaths after lung transplanta-
tion [4,5].

Despite the efficacy of CsA, severe adverse side effects including nephrotoxicity,
hepatotoxicity, hypertension, and neurotoxicity, usually arise during chronic treatment
with CsA [6,7]. Moreover, the delivery of a sufficient and reproducible amount of CsA
can hardly be achieved by oral administration because of its poor aqueous solubility,

Pharmaceutics 2023, 15, 1023. https://doi.org/10.3390/pharmaceutics15031023 https://www.mdpi.com/journal/pharmaceutics
24



Pharmaceutics 2023, 15, 1023

its pre-systemic metabolism at the gut level [8,9], and its erratic absorption related to
interindividual variability, food intake, and by comorbidities such as diabetes [10,11].
Overall, the oral bioavailability of CsA is around 30%, which entails a dosage range
between 5 and 15 mg/kg/day, and the need to carefully monitor the patient’s drug plasma
concentration over time [12].

For this reason, pulmonary administration would be a promising strategy for the
treatment of lung transplant patients, given the possibility of (i) avoiding pre-systemic
metabolism and obtaining high drug local concentrations, (ii) having a rapid onset of action,
and (iii) administering lower doses than the oral route with limited systemic exposure to
the drug. In this regard, the administration of a 100 µg intratracheal dose of CsA to rats, in
addition to being effective in reducing lung inflammation, led to a distribution of CsA in
the side effect-related organs that were one hundred times lower than that of an oral dose of
10 mg/kg [13]. The pulmonary administration of a dose of just 5 mg of CsA by nebulisation
of a propylene glycol solution was able to produce an improvement in lung-transplanted
patients’ conditions, expressed as forced expiratory volume in one second (FEV1) [14].
This study demonstrated a strong relationship between the administration of CsA directly
to the lungs and an increased anti-rejection effect. Further clinical trials have confirmed
the benefits of direct pulmonary administration of CsA by nebulisation in patients who
underwent single or double lung transplantation [15] or in BOS patients [16].

Besides the effect on the prevention of allograft rejection, CsA has also been widely
studied as a potential anti-viral drug [17–19]. In 2011, de Wilde and colleagues first
demonstrated the in vitro inhibitory activity of CsA at micromolar concentrations on the
replication of different coronavirus genera [20]. The effective inhibition of replication
towards SARS-CoV-2 has also recently been demonstrated by Fenizia et al. on the human
lung epithelium Calu3 cell line [19]. In addition, CsA anti-inflammatory and immunomod-
ulatory activities would be beneficial in containing the cytokine storm experienced by many
COVID-19 patients, leading to airway damage and respiratory loss of function [19,21].

COVID-19 is currently treated using antiviral drugs such as molnupiravir [22], nir-
matrelvir [23], ritonavir [24], and remdesivir [25], anti-inflammatory drugs (dexametha-
sone [26]), immunomodulatory agents such as baricitinib and tocilizumab, an anti-IL-6
antibody [27], and monoclonal antibodies against the receptor binding domain such as
sotrovimab [28].

The aim of this work was the development of a highly respirable formulation of
CsA obtained by spray drying with excipients already approved for inhalation. A critical
parameter for the evaluation of the quality of the produced powders was the Weibull
dissolution time obtained from the in vitro release rate profile. The most promising powder
was then further analysed in terms of tolerability, reduction of inflammation, and antiviral
activity in terms of SARS-CoV-2 reduction of infection in Vero E6 cells.

2. Materials and Methods

CsA (Metapharmaceutical, Barcelona, Spain) was purchased from ACEF (Fiorenzuola
d’Arda, Italy). HPMC extra-dry capsules for use in dry powder inhalers, Quali-V®-I size
#3, were provided by Qualicaps (Madrid, Spain), while the high-resistance dry powder
inhaler RS01 was gifted by Plastiape (Lecco, Italy). Mannitol was purchased from Roquette
(Lestrem, France) and glycine was purchased from Sigma Aldrich (Merck, Milano, Italy).
All other chemicals used were obtained from commercial suppliers and were at least of an-
alytical grade. The human lung adenocarcinoma cell line A549 (CRM-CCL-185), monocytic
cell line THP-1 (TIB-202), and Vero E6 (CRL-1586) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA).

2.1. Preparation of CsA Spray-Dried Powders

The spray-dried (SD) CsA powders were obtained starting from a solution of water and
ethanol 96% with a variable ratio according to the design of experiment (DOE) containing
1% (w/v) solids. The effect of different amounts of excipients on the yield of production,
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respirability, residual solvent, and dissolution rate was assessed. The experiments were
designed by means of the Design-Expert 12 software (Stat-Ease, Inc., Minneapolis, MN,
USA). A half-fractional factorial design with three factors at two levels and three additional
centre points for curvature check was applied, requiring a total of 11 experiments, as
detailed in Table 1. The mannitol (10–20% w/w) and glycine (0–5% w/w) content in the dry
formulation and ethanol (45–60% v/v) concentration in the feed solution were the three
factors investigated, fixed at two levels equally distant from the central point.

Table 1. Composition of powders studied according to the DOE with three factors at two levels and
three centre points (*). M = mannitol; G = glycine. Each experimental point was replicated to calculate
the experimental error.

Powder
(#, Code)

Factor A:
Mannitol
(% w/w)

Factor B:
Glycine
(% w/w)

Factor C:
Ethanol
(% v/v)

1 (CsA_M15) * 15 2.5 52.5
2 (CsA_M10G) 10 5 45
3 (CsA_M20G) 20 5 60
4 (CsA_M10) 10 0 60
5 (CsA_M20) 20 0 45
6 (CsA_M20G) 20 5 60
7 (CsA_M15) * 15 2.5 52.5
8 (CsA_M15) * 15 2.5 52.5
9 (CsA_M20) 20 0 45
10 (CsA_M10G) 10 5 45
11 (CsA_M10) 10 0 60

CsA raw material (CsA_rm) was solubilised in ethanol where the solubility of CsA is
more than 100 mg/g [29], while mannitol and glycine were solubilised in water at room
temperature. The aqueous solution was added to the CsA solution under magnetic stirring
(160 rpm). The CsA remained in solution in all the ranges of water added (from 40 to 55 %
v/v) in the hydroalcoholic solution.

To produce the powders, 50 mL solution was spray dried (Mini Spray Dryer B-290,
Büchi, Flawill, Switzerland) using the following parameters: inlet temperature 140 ◦C,
drying air flow rate 742 L/h, aspiration 35 m3/h, solution feed rate of 3.5 mL/min, and
a nozzle diameter 0.7 mm. Under these conditions, an outlet temperature of 80–87 ◦C
was measured.

An analysis of variance (ANOVA) was performed to investigate the effect of factors
on the critical quality attributes (CQAs). In detail, the CQAs selected were the production
yield, the percentage of residual solvent, and the Weibull dissolution time obtained from
the dissolution profile. The probability value of the model was considered significant when
lower than 0.05.

2.2. CsA Quantification by High-Performance Liquid Chromatography (HPLC)

The quantification of CsA in the spray-dried powders was achieved by dissolving
20 mg of powder in 25 mL of water:acetonitrile 40:60. Six samples were prepared and
analysed by HPLC. The drug content analysis was conducted after the powder preparation
and during the stability study.

CsA was quantified using an HPLC (LC-10, Shimadzu, Kyoto, Japan) equipped with
a UV–Vis detector, set at a wavelength of 230 nm and using the column Nova-Pak C18
(3.9 × 150 mm, 4 µm; Waters, Italy). The mobile phase was constituted by a mixture of
65% acetonitrile and 35% ultrapure water, acidified at 0.1% with trifluoroacetic acid. The
column temperature was set at 65 ◦C and the flow rate was fixed at 1.6 mL/min. The
injection volume was 10 µL, the run time of was 10 min and the retention time for the CsA
was about 5 min. The method linearity was over the range 0.1–2 mg/mL.
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2.3. Aerodynamic Performance Characterisation

The screening of the aerodynamic performance of all CsA batches produced was
achieved using Fast Screening Impactor (FSI; Copley Scientific, Nottingham, UK), with a
65 L/min insert to provide a 5 µm cut-off size. The FSI was connected to an SCP5 vacuum
pump (Copley Scientific, Nottingham, UK) through a critical flow controller (TPK Copley
Scientific, Nottingham, UK). A flow rate of 65 L/min, measured with a DFM 2000 Flow
Meter (Copley Scientific, UK), was required to activate the RS01 (Plastiape, Lecco, Italy)
device at a 4 kPa pressure drop. The TPK actuation time was adjusted so that a volume
of 4 L of air was drawn through the inhaler. The content of one capsule, filled with 20 mg
of powder, was discharged and each experiment was repeated three times. The amount
of CsA present in the formulation was in the range between 15 to 18 mg according to the
formulation drug content. CsA was quantified by HPLC using to the method reported
in Section 2.2. The emitted fraction (EF) was calculated as the percentage ratio between
the total CsA mass recovered in FSI and the CsA loaded in the capsule. The respirable
fraction (RF) was calculated as the percentage ratio between the mass of particles with an
aerodynamic diameter less than 5 µm and the emitted dose.

The same analysis setup was maintained to further investigate the aerodynamic
performance using the Next Generation Impactor (NGI; Copley Scientific, Nottingham,
UK). To obtain a more accurate analysis and avoid the eventual particles bouncing, the
cups of the impactor were coated using a solution of 2% (w/v) Tween 20 in ethanol. As
above, the content of one capsule of 20 mg was aerosolised and the CsA in the NGI was
collected and quantified by HPLC.

The metered dose (MD) is the total mass of the drug, quantified by HPLC, recovered
in the inhaler and the impactor (induction port, stages 1 to 7, and Micro Orifice Collector
(MOC)). The emitted dose (ED) is the amount of drug leaving the device and entering the
impactor (induction port, stages 1 to 7, and MOC). The mass median aerodynamic diameter
(MMAD) was determined by plotting the cumulative percentage of mass less than the
stated aerodynamic diameter for each NGI stage from 1 to 7, on a probability scale versus
the aerodynamic diameter of the stage on a logarithmic scale. The fine particle dose (FPD)
is defined as the mass of drug with an aerodynamic diameter less than 5 µm (calculated
from the log-probability plot equation) and the extra fine particle dose (EFPD) is the mass
of the drug with an aerodynamic diameter less than 2 µm. The fine particle fraction (FPF)
and the extra fine particle fraction (EFPF) were calculated as the percentage ratio between
the FPD or EFPD, respectively, and the ED.

2.4. Thermogravimetric Analysis (TGA)

The analysis was carried out using the TGA/DSC 1 STARe System (Mettler Toledo,
Columbus, OH, USA) to determine the loss on drying (LOD), i.e., the percentage of residual
humidity and solvents present in the powder at the end of the manufacturing process. For
this purpose, approximately 4 mg of powder was placed in a pan of aluminium oxide,
and the analysis was carried out in a nitrogen flow at 80 mL/min. The temperature was
increased from 25 ◦C to 150 ◦C with a rate of 10 ◦C/min. The LOD was measured in the
range 25–125 ◦C.

2.5. Dissolution Profile of Respirable Particle Fraction

In vitro dissolution tests to compare the dissolution performance of CsA powders
were conducted using RespiCellTM [30], an innovative vertical diffusion cell apparatus.

The apparatus comprises a 170 cm3 receiving cell filled with the dissolution media,
and the sampling was performed through the side arm. The apparatus constitutes two
portions: the upper part acts as a donor chamber and the lower part is a receptor chamber
maintained under magnetic stirring at 180 rpm.

The receptor was filled with 170 mL of medium consisting of phosphate-buffered
saline (PBS) containing 0.2% of sodium dodecyl sulphate and the cell was connected to
a heating thermostat (Lauda eco silver E4, DE) set at 37 ± 0.5 ◦C. The dissolution was
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carried out on the RF of the powder, following separation by FSI. In the case of spray-dried
CsA, four capsules of 20 mg were aerosolised for each experiment and the analysis was
performed in triplicate. In the case of the raw material, the content of ten capsules was
aerosolised due to the low respirability of the material. The filter (Type A/E glass filter
7.6 cm diameter, Pall Corp.) containing the mass of powder < 5 µm was then placed on
the diffusion area of the RespiCell and 2 mL of PBS containing 0.2% of SDS was added
before starting the dissolution to create a thin liquid layer on the powder bed. At fixed
intervals, 1 mL of the receiving solution was removed and replaced with 1 mL of fresh
buffer to maintain a constant volume inside the receptor chamber.

Finally, at the end of the experiment, the residual undissolved powder was recovered
by washing out the filter with 10 mL of ethanol:water (50:50 v/v). The samples were
quantified by HPLC according to the method described. The drug dissolved was expressed
as a percentage of CsA dissolved relative to the total CsA recovered at the end of the test
both on the filter and receptor compartment.

The dissolution profiles were analysed by means of the Weibull equation [31] in order
to determine the time parameter, recognised as the time at which the 63.2 per cent of the
drug was dissolved.

2.6. Morphological Analysis by SEM

Particle morphology was determined by scanning electron microscopy (SEM, Zeiss
AURIGA, Zeiss, Oberkochen, Germany) and was operated under high-vacuum conditions
with an accelerating 1.0 kV voltage at a magnification of 5k times. The powders were
deposited on adhesive black carbon tabs pre-mounted on aluminium stubs and imaged
without undergoing any metallisation process.

2.7. Viability Study on A549 and THP-1

A549 cells (seeding 104 cells/well), following overnight culture, and THP-1 cells
(seeding 5 × 104 cells/well), immediately after seeding in a 96-well plate at 37 ◦C, were
exposed to the following treatments: vehicle (DMSO 0.5% in PBS), CsA_rm (1, 10 µg/mL),
spray-dried powder CsA_M20 (containing 20% w/w of mannitol) (1, 10 µg/mL of CsA),
and mannitol 2 µg/mL. Cell viability was quantified using the MTS assay. Briefly, 20 µL of 3-
(tributylammonium)-propyl methanethiosulfonate bromide solution (MTS, 1 mg/mL) was
added to each well and, following 4 h incubation at 37 ◦C, the supernatants were collected.
The absorbance of each well was measured at 490 nm on a microplate reader (Sunrise™
powered by Magellan™ data analysis software, TECAN, Mannedorf, Switzerland). The
impact of the various treatments on cell viability was expressed as the percentage of viability
with respect to vehicle-treated cells.

2.8. Co-Culture Assays and Cytokine Determination

For the co-cultures, A549 cells (105 cells/well) were seeded at the bottom and THP-1
cells (105 cells/well) were plated on the insert (0.4 µm pore polyester filter) of Transwell
culture plates (#3470, Corning Inc., Corning, NY, USA), with the two cell cultures be-
ing physically separated to avoid direct contact, according to the method described by
Li et al. [32]. After 24 h co-culture, the cells were exposed to the following treatments:
vehicle (DMSO 0.5% in PBS), CsA_rm 10 µg/mL, CsA_M20 at 10 µg/mL in respect to CsA,
mannitol 2 µg/mL in DMSO 0.5% in PBS. After 1 h, LPS 1 µg/mL (Escherichia coli O55:B5;
cat# L6529; Sigma Aldrich, Merck, Milano, Italy) was added to the culture and maintained
for 24 h. Cells incubated with the vehicle and not exposed to LPS were used as the control.
The concentration of IL-6 in the conditioned media was subsequently determined using an
ELISA kit (Boster Biological Technology, Milano, Italy; cat. no. IL-6, EK0410), according to
the manufacturer’s protocol and expressed as pg/mL.
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2.9. Cell Treatment and Viral Replication Inhibition Assay

The inhibitory effect of CsA_M20, CsA_rm, and mannitol on viral replication on Vero
E6 cell cultures was tested against Omicron subvariant BA.1 (lineage B.1.1.529.BA.1).

The viral strain was isolated from a residual clinical specimen conferred to the Unit
of Microbiology, Greater Romagna Area Hub Laboratory (Cesena, Italy). The sample
underwent an anonymisation procedure in order to adhere to the regulations issued by
the local Ethical Board (AVR-PPC P09, rev.2; based on Burnett et al., 2007 [33]). Detailed
descriptions of Vero E6 cell culture and propagation, as well as titration and isolation of the
virus from biological samples, are reported in the Supplementary Materials.

The day before treatment and infection, Vero E6 cells were seeded at a density of
2 × 106 cells/well in 96-well plates and allowed to attach for 16 to 24 h at 37 ◦C, 5% CO2.
On the day of infection, each tested compound stock suspension in PBS was freshly diluted
in cell culture medium containing 2% FBS. CsA_rm was tested at concentrations of 8, 16,
32, and 64 µM, corresponding to 9.6, 19.2, 38.4, and 76.9 µg/mL; CsA_M20 was diluted
to obtain the same CsA concentrations considering the exact CsA content in the powder
(determined by HPLC) of about 80% (w/w). The selected CsA concentrations, in the case of
powder CsA_M20, involved the presence of dissolved mannitol at concentrations of 2.4, 4.8,
9.6, and 19.2 µg/mL since mannitol represents 20% (w/w) of the formulation. These values
were then adopted when mannitol was applied to the cells and tested as vehicle alone.

To better determine at which level the viral replication cycle was inhibited, the
cells were subjected to different treatment regimens: treatment 1 h before infection (pre-
treatment), treatment 2 h after infection (post-infection), and treatment during infection
(simultaneous). Each treatment lasted one hour then was removed. Antiviral efficacy was
tested against the viral concentration of 0.0005 moi. Infected cultures were incubated for one
hour at 37 ◦C to allow viral adsorption then the supernatant was removed, and cells were
washed with PBS. Treated and infected cultures, were incubated with cell medium at 37 ◦C,
5% CO2 for 72 h. For each treatment protocol, the cell culture was infected directly with the
virus suspension to assess viral replication in the absence of any potential inhibition.

2.10. SARS-CoV-2 Nucleic Acid Quantification

Viral replication in treated and untreated cell cultures was evaluated by qRT-PCR
by comparing the cycle threshold (Ct) values of each treated sample (Ct treated) and its
corresponding untreated control (Ct control) obtained after 72 h of incubation. For this
purpose, the Allplex SARS-CoV-2 Extraction-Free system (Seegene Inc., Seoul, South Korea)
was used. It consists of a real-time qRT-PCR multiplex assay based on the use of TaqMan
probes. The sample preparation, reaction setup, and analysis were performed according
to the manufacturer’s instructions and the details are described in the Supplementary
Materials. Positive and negative controls were included in each run. Fluorescent signals
were acquired after every amplification cycle. By comparing the Ct values referring to the
N-gene of each treated sample and its corresponding untreated control obtained at the end
of the test, the percentage of infectivity reduction was calculated, as follows:

% viral infectivity reduction =
Ct treated − Ct control

Ct0 − Ct control
∗ 100

where Ct0 represents the cycle threshold at the time of treatment application.
Cells treated with the same treatment protocols, but not infected, were used to assess

the effects on cell viability. To quantify cell viability, after the incubation period, the cell
monolayers were fixed and stained using 4% formaldehyde solution in crystal violet;
absorbance was read at 595 nm. For each tested compound concentration, the percentage
of viable cells for each tested concentration was calculated, setting the mean absorbance
value of the cell control wells (neither treated nor infected cells) as 100% viability. None of
the CsA_M20, CsA, or mannitol concentrations significantly compromised the cell viability.
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2.11. Stability Studies

Stability studies were conducted on CsA_M20 spray-dried powder by storing the
capsules containing 20 mg of powder at 25 ◦C and 60% of relative humidity (RH) and
40 ◦C and 75% of RH. The CsA content and in vitro aerodynamic performance by NGI
were studied after 1 and 3 months of storage.

2.12. Statistical Analysis

Statistical analysis was conducted using the analysis of variance (ANOVA test) with
a post hoc test using Prism 9 (GraphPad Software, v.9.4.0). Data were considered to be
statistically significant when the p-value was < 0.05 (* = p < 0.05; ** = p < 0.01).

3. Results and Discussion
3.1. CsA Dry Powder Development by DOE

CsA is a lipophilic molecule with a logP of 3 and poor water solubility (3.69 mg/L at
37 ◦C), falling into class II of the Biopharmaceutical Classification System (BCS) among
molecules with low water solubility and high permeability [34]. These physico-chemical
properties limit the bioavailability of CsA, and many studies have been performed to
improve the dissolution profile of CsA including the use of nanoparticles incorporated into
microparticles by spray drying or spray freeze drying [13,35,36].

Moreover, the direct deposition of CsA to the lung could be an effective strategy in
preventing lung rejection due to the high local drug availability also enhanced by the
avoidance of intestinal pre-systemic metabolism.

The low water solubility of CsA represents an issue for the development of an inhala-
tion product both from the point of view of the formulation and the release of the drug
on site. In the case of a nebulisation product, a CsA solution using propylene glycol as
a solvent [14] or a liposomal formulation has been proposed to increase the pulmonary
exposure of the drug. Despite the good performance in clinical trials, the CsA solution
for nebulisation did not reach the market, perhaps because of the possible irritant effect
of the solvent used [37,38]. Other clinical trials conducted using inhaled liposomal CsA
demonstrated the capability of the drug to increase BOS-free survival [39,40].

Compared to a CsA liquid nebulisation, the use of a CsA inhalation powder offers
numerous advantages: the powder can be administered by a quick inhalation act and,
as a solid-state formulation, the stability of the product is increased. On the other hand,
the development of a powder containing CsA requires particular attention to be paid to
the choice of excipients and the production technique capable of improving the release
of the drug from the solid particles. In this context, some strategies have been proposed
to enhance pulmonary release and absorption, such as the construction of CsA particles
with pulmonary surfactants or with hydroxypropyl-beta-cyclodextrin and hydrosoluble
chitosan [41–43].

In this work, the spray-drying process and water-soluble excipients were chosen to
develop physically stable CsA respirable particles with improved dissolution. Mannitol
was selected as it is currently approved for pulmonary administration [44] and is widely
used in particle engineering. The addition of glycine was investigated to promote powder
deaggregation and aerosolisation.

A preliminary study was carried out to identify the most suitable amount of mannitol
to add to the formulation and subsequently to keep it as a starting point for a more in-depth
investigation by DOE. Figure 1A illustrates the EF and RF of powders containing CsA and
mannitol in the two ratios of 80:20 (CsA_M20) and 50:50 (CsA_M50), spray-dried starting
from a solution containing 45% (v/v) ethanol in water. Similar EF and RF values were
shown by the two CsA–mannitol powders: the EF was around 85% and RF was about
68–70%. On the contrary, CsA_rm, which had a volume median diameter of 7.67 µm, had a
large deposition in the induction port of the impactor, which led to a very low RF of 6%.
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Figure 1. Aerosolisation performance (RF = respirable fraction, EF = emitted fraction) (A) and
dissolution profiles (B) of CsA raw material (CsA_rm), CsA_M20, and CsA_M50. Data presented as
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Both of the CsA spray-dried powders exhibited a faster dissolution rate than the
CsA_rm: approximately 87% of the spray-dried powder was dissolved after 3 h of the
experiment, while only 50% of the raw material was dissolved (Figure 1B). However, the
addition of mannitol in different quantities did not lead to a difference in the release profiles
of CsA_M20 and CsA_M50. This preliminary test shows that, when mannitol exceeded 20%
(w/w) in the powder composition, it no longer had any positive effect on the formulation
for either of the qualitative parameters studied. Hence, with the purpose of limiting the
amount of powder to inhale, it was decided that the amount of mannitol in the formulation
would remain fixed at 20%.

A screening DoE was set up to investigate the influence of excipients on the quality of
the powders. The effect of the ethanol content in the feedstock solution and the addition
of glycine along with mannitol on the CQAs of the powders were investigated and are
illustrated in Table 2. The yield of the process and the loss on drying (LOD) describe the
quality of the spray-drying process, whereas the powder’s aerodynamic behaviour (i.e., RF)
and the dissolution time are related to the quality of the formulation. The residual solvent
in the dried powder could affect not only its chemical stability, but also its respirability
over time, as it could modify the powder’s properties.

Table 2. Values of the CQAs investigated for the eleven CsA spray-dried powders: yield of the
production process, respirable fraction (RF) < 5 µm, loss on drying (LOD), and time parameter of
Weibull equation (time for 63.2% of CsA dissolved from composite powders) indicated as WDT. Data
presented as n = 3, mean value ± SD.

Batch Yield RF (%) LOD (%) WDT (min)

1 (CsA_M15) * 55.7 ± 2.6 64.5 ± 6.3 2.85 ± 0.20 89.7 ± 7.4
2 (CsA_M10G) 55.4 ± 4.1 71.6 ± 1.6 3.41 ± 0.31 99.9 ± 4.8
3 (CsA_M20G) 59.1 ± 7.9 72.0 ± 4.1 1.96 ± 0.12 116.2 ± 8.3
4 (CsA_M10) 61.1 ± 3.8 64.5 ± 1.6 1.75 ± 0.33 109.6 ± 5.7
5 (CsA_M20) 59.5 ± 6.5 70.9 ± 0.4 2.04 ± 0.24 61.7 ± 0.2
6 (CsA_M20G) 56.9 ± 3.2 61.7 ± 0.3 1.98 ± 0.14 138.5 ± 6.7
7 (CsA_M15) * 62.6 ± 6.0 65.4 ± 2.4 2.52 ± 0.55 90.8 ± 14.1
8 (CsA_M15) * 65.0 ± 3.2 70.5 ± 8.7 2.45 ± 0.14 89.7 ± 13.7
9 (CsA_M20) 61.6 ± 4.1 59.9 ± 3.1 2.12 ± 0.31 57.7 ± 0.2
10 (CsA_M10G) 61.1 ± 5.1 61.3 ± 4.4 3.06 ± 0.42 110.6 ± 1.5
11 (CsA_M10) 65.3 ± 2.9 56.6 ± 2.9 1.75 ± 0.25 119.3 ± 10.1

* = central points of the DOE.

An ANOVA of the responses for the selected factorial model was performed. The
generated model was not significant for the yield of production and for the respirable
fraction. In fact, the yield value was similar for all powders, regardless of the composition
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of the stock solution. In general, the results indicate that the process was efficient in
terms of the amount of powder produced and was robust. The yield of the manufacturing
process was in the range of 55–65% for all powders. In all cases, the microparticles did
not give rise to visible aggregates and the powders were not electrostatic. Not only the
process was considered robust with acceptable values, but also, regarding the respirable
fraction, the composition of the feed solution did not have a significant impact within the
investigated ranges.

Conversely, the ANOVA revealed that the model was significant for the LOD and
WDT with probability values of 0.033 and 0.006, respectively (Table 3). Furthermore, the
robustness of the relationship between the model and the variables analysed was high,
as indicated by the R2 values. Figure 2 illustrates the perturbation graph of WDT versus
the three critical factors and contour plot of LOD and WDT as a function of ethanol and
glycine proportion.

Table 3. Probability values for the model terms relating to selected CQAs. RF = respirable fraction;
LOD = loss on drying; WDT = Weibull dissolution time. The model was significant at p < 0.05 and
highlighted in bold.

Term Yield RF LOD WDT

Model 0.425 0.748 0.033 0.006
R2 0.312 0.187 0.944 0.934
Mannitol 0.643 0.580 0.006 0.107
Glycine 0.152 0.443 0.006 0.015
Ethanol 0.568 0.636 0.0004 0.004
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concentration of 15% (w/w).

Ethanol is the main factor influencing the different degrees of residual solvents in
the particles. As the percentage of ethanol increases, the LOD value approaches zero per
cent. On the contrary, glycine had a negative effect on the powder LOD: the presence of
this excipient increased the amount of residual solvent in the powder; hence, it was not
beneficial for the formulation quality aspects. According to this model, the percentage of
mannitol also positively influences the LOD; however, this would seem to be a parameter
deriving from the combined effect of ethanol and glycine. A low LOD value is important
because it usually correlates with improved peptide stability in a solid-state formulation
and decreases the possibility of mannitol recrystallisation. The graph in Figure 2b illustrates
the trend of the LOD as the ethanol and glycine vary.
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The main contribution to the variation in the dissolution time is due to glycine and
ethanol, while the effect of mannitol was not significant. Therefore, as the percentage of
ethanol and glycine increases, the time to dissolve the 63.2% of the API rises (see Figure 2c).
Mannitol did not have a statistically significant effect, although it was indicated as a factor
reducing WDT, i.e., leading to a faster dissolution rate (see Figure 2a).

In general, the spray-drying process was always able to produce particles with an
enhanced dissolution rate compared to the non-formulated CsA (WDT of 169.0 min).
Among all of the formulations, the powder CsA_M20, which was prepared starting from
a feed solution containing 45% ethanol and without glycine, had the lowest WDT of
approximately 59 min. The drug release profile of CsA_M20 was similar to that obtained by
Yamasaki et al. (WDT of approx. 62 min) when CsA was precipitated in nanoparticles and
spray-dried into nano-matrix structures with lactose mannitol and lecithin [35]. However,
although the dissolution profile of the engineered powders was improved compared to the
raw material, it is still a rather slow dissolution rate, which places undissolved particles at
risk of removal by mucociliary clearance or phagocytosis. Therefore, in vivo studies will be
useful to fully prove the beneficial effect of such formulations.

The observed behaviour indicated that when the particle composition consisted only of
mannitol and CsA, this was more favourable for dissolution and in terms of residual solvent
content. The reason why the composite CsA particles have a higher dissolution rate than
the raw material is because during particle formation, the mannitol precipitates together
with the CsA, forming a solid structure where the two materials are intimately dispersed.
In contact with an aqueous medium, the mannitol dissolves immediately, leaving the
CsA, with a high surface area, free for dissolution. Interestingly, the presence of glycine
lowered the release of CsA, although it is a hydrophilic excipient, but less hygroscopic
than mannitol.

Given the significance of the data, it will be worthwhile to further investigate the effect
of the interactions between the factors and the CQAs using a full factorial DOE.

The ethanol content of the feed solution also influenced the morphology of the mi-
croparticles obtained. When the ethanol was 45% (Figure 3A), the particles appeared to be
less inflated and more corrugated than the particles produced from a solution containing
60% ethanol (Figure 3B), where a greater number of large, fractured particles were observed.
This behaviour is in agreement with what was reported for the production of amikacin
spray-drying powders [45]: the particles are much larger or exploded when the evaporation
rate is rapid, and therefore the precipitation of the solute occurs early. The evaporation rate
increases as the percentage (v/v) of ethanol in the feed solution rise.
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With regard to the solid state of the produced CsA powders, all were amorphous, as
evidenced by the typical halo of the X-ray pattern (see Supplementary Materials). The struc-
ture of the CsA raw material was also amorphous before spray drying and no crystallinity
peaks were observed in the powders after production.

From this first part of the work, CsA_M20 was selected as the best-performing powder
and was then further characterised and tested for its tolerability, anti-inflammatory and
antiviral activity.

3.2. Full Characterisation of the CsA_M20 Spray-Dried Powder

The CsA drug loading in the CsA_M20 powder after its production was 76.3 ± 1.4%.
This value agreed with the theoretical one (80%) considering that the powder had a solvent
content, determined by TGA, of about 2%.

The aerodynamic particle size distribution of the powder CsA_M20, assessed by
NGI, showed that the formulation had a very high respirability. The emitted amount of
powder from the RS01 device was 16 mg (corresponding to 90% of the metered dose)
containing 13.2 mg of CsA. The FPD was 8.8 mg of CsA, which corresponds to an FPF of
66.5 % (Table 4). The favourable aerodynamic behaviour can be attributed both to the poor
cohesiveness of the particles and their good flowability and to the efficient deaggregation
mechanism of the RS01 device.

Table 4. Aerodynamic characterisation of the CsA_M20 powder at time zero and during the stability
investigation in standard and accelerated conditions (n = 3, mean value ± SD).

Metered
Dose
(mg)

Emitted
Dose
(mg)

MMAD
(µm)

FPD
(mg)

FPF
(%)

EFPD
(mg)

EFPF
(%)

CsA_M20
0 time 14.8 ± 0.1 13.2 ± 0.3 2.97 ± 0.12 8.80 ± 0.18 66.5 ± 2.6 3.61 ± 0.08 27.3 ± 1.2

CsA_M20
1 month 25 ◦C 14.7 ± 0.3 13.0 ± 0.5 2.58 ± 0.03 9.35 ± 0.46 71.4 ± 0.9 4.24 ± 0.13 32.4 ± 0.2

CsA_M20
1 month 40 ◦C 15.3 ± 0.3 12.6 ± 0.2 2.38 ± 0.12 8.82 ± 0.41 69.7 ± 4.4 4.38 ± 0.29 34.6 ± 2.8

CsA_M20
3 months 25 ◦C 14.6 ± 0.3 12.6 ± 0.3 2.61 ± 0.10 9.47 ± 0.22 74.7 ± 0.1 4.11 ± 0.09 32.4 ± 1.5

CsA_M20
3 months 40 ◦C 15.0 ± 0.3 12.5 ± 0.9 2.58 ± 0.15 8.55 ± 0.85 68.3 ± 2.0 3.75 ± 0.04 30.1 ± 1.8

From Figure 4, illustrating the deposition of the CsA in the NGI, it is possible to
observe that most of the particles were collected in stages 2, 3, and 4 and about 4% was
collected in the MOC capturing particles with a size lower than 0.5 µm. This led to obtaining
an MMAD value of 2.97 µm.

A clinical trial evaluating the CsA anti-inflammatory efficacy in BOS by the nebuli-
sation of 300 mg demonstrated that a deposition of CsA greater than 5 mg in the lung
correlates with an improvement in lung functionality, and 12 mg was indicated as an
anti-rejection protective dose [14]. In light of these results, it can be considered that the
FPD of 8.8 mg, generated by the aerosolisation of 20 mg of CsA_M20, is in the correct
therapeutic range for the prevention of BOS.

Regarding the management of the COVID-19 infection, there are no efficacy or pharma-
cokinetic data upon the delivery of CsA by inhalation. However, COVID-19 patients who
received 300 mg of CsA orally showed positive results on survival [46]. At this dose, the
amount of CsA available to the lung will have been very low, but still sufficient to dampen
the inflammatory reaction of the respiratory tract. Inhalation administration would make it
possible to obtain equal or higher efficacy in the face of a reduction in the administered
dosage and reduced systemic exposure.
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Figure 4. Distribution of CsA_M20 powder on Next Generation Impactor. The loaded amount of
powder in the capsule was 20 mg containing 16 mg of CsA, (n = 3, mean value ± SD). Dev = device;
IP = induction port; St = stage; MOC = micro-orifice collector.

Stability analyses on the CsA_M20 powder stored in HPMC capsules, conducted at
1 and 3 months in standard and accelerated conditions, provided drug content values
in a range between 78 and 82% without being significantly different from the time zero
(p < 0.05). In the aerodynamic assessment, the CsA ED was around 13 mg and the FPD was
in the range of 8–9 mg, independently of the storage conditions and the check time of the
analysis (Table 4). These data, albeit preliminary, show that the use of mannitol as a bulking
excipient was able to protect the physicochemical stability of the formulation, preserving its
initial characteristics. The use of Quali_V®_I capsules in this work, specifically produced
for DPI, with optimised puncturing properties and internal lubricant features, certainly
contributed to this positive achievement [47]. Finally, the CsA_M20 showed a differential
scanning calorimetry profile at three months equal to that at time zero, evidencing that
the powder did not undergo solid-state transformations during the observation time (see
Supplementary Materials).

3.3. CsA_M20 Cytotoxicity and Anti-Inflammatory Efficiency

The viability of human lung adenocarcinoma cell line A549 and monocytic cell line
THP-1 was not affected by the various CsA tested treatments, which were well tolerated
by cells, as reported in Figure 5. Indeed, under these conditions, neither CsA_rm nor the
spray-dried powder of CsA containing mannitol displayed any cytotoxic effect on the two
cell cultures compared to the vehicle (0.5% DMSO in PBS).
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IL-6 is a pro-inflammatory cytokine involved in numerous cellular processes such
as proliferation and survival. Furthermore, the high serum levels of IL-6 in patients who
have undergone a lung transplant were a marker for the development of chronic lung
allograft dysfunction [48,49]. In parallel, it was observed that COVID-19 infection is ac-
companied by an aggressive inflammatory response with the release of a large amount of
pro-inflammatory serum cytokines in an event known as a “cytokine storm” [50]. In partic-
ular, IL-6 was reported to be a potential predictor for the development of severe COVID-19,
since elevated levels of this cytokine were associated with critical patient conditions such
as acute respiratory distress syndrome and the need for mechanical ventilation [50]. As
IL-6 is the most frequently reported cytokine to be increased in COVID-19 patients and as
IL-6 elevated levels have been associated with higher mortalities, this cytokine was selected
in this work to test the CsA anti-inflammatory effect.

The levels of IL-6 were determined by ELISA test 24 h after the treatment of cell
co-cultures exposed to LPS. The levels of the cytokine were significantly reduced either
by CsA_rm or by formulated CsA compared to the vehicle (Figure 6). Mannitol, used as
an excipient in the formulation, also showed a slight anti-inflammatory effect albeit not
statistically significant, as already reported in vivo [51]. The results confirm that through the
spray-drying process, it was possible to construct highly respirable particles with improved
dissolution rates, preserving the CsA anti-inflammatory effect. An inhaled powder of CsA,
therefore, represents a favourable therapeutic strategy to avoid the triggering of a vigorous
immune reaction in the lungs. Consequently, this action would limit the production
of cytokines and their consequent spillover into the circulatory system, preventing the
systemic cytokine storm.
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Figure 6. In vitro inhibition of IL-6 production by THP-1/A549 co-culture exposed to LPS in the
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3.4. In Vitro Anti-Viral Efficacy against SARS-CoV-2

As mentioned before, CsA has been shown to have a direct inhibitory effect on the
replication of different types of coronaviruses, including SARS-CoV-2. For this purpose,
orally administrated CsA has also been the subject of clinical trials, reporting positive
results on the survival of patients affected by COVID-19 [46,52]. Moreover, to date, a
further ten clinical trials are ongoing, although the results have not yet become available,
indicating the high interest in CsA for the treatment of this disease.

In light of these considerations, the last part of the study explored the inhibition
activity of CsA_M20 powder on viral replication in Vero E6 cells in comparison to the
CsA_rm. Furthermore, different types of treatment (pre-treatment, post-treatment, or
simultaneous regimen) were adopted to assess the more effective one to contain the virus.

The infected cells were treated with CsA_rm, CsA_M20, or mannitol powders applied
according to the different treatments. Figure 7 illustrates the virus infectivity reduction in
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relation to the CsA concentrations applied. The effect of mannitol alone was as well assessed
since it is a component of the engineered CsA powder. The range of CsA concentrations
investigated was selected according to the one proposed by de Wilde et al. [20]. A 100%
viral infectivity reduction corresponds to the maximal reduction in the viral load.
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Figure 7. In vitro SARS-CoV-2 Omicron BA.1 infectivity reduction produced by CsA_rm, CsA_M20
or mannitol. Pre-treatment: one hour before infection. Post-treatment: two hours after infection.
Simultaneous treatment: cells were infected and treated with the powders at the same time. The
mannitol concentrations corresponding to CsA formulation at 76.9, 38.4, 19.2, and 9.6 µg/mL were
respectively 15.4, 7.7, 3.8, and 1.9 µg/mL. Data were analysed with two-way analysis of variance
(ANOVA) (* p < 0.05; ** p < 0.01; CsA_M20 vs. CsA_rm).

During the pre-treatment, only the highest CsA concentration applied (76.9 µg/mL)
showed an antiviral effect. The reduction of viral infectivity was 78% when the drug was
formulated as a spray-dried powder and was statistically superior to the raw material,
which reduced the infection by 58%. At lower concentrations, CsA did not have any
relevant antiviral effect. Similarly, mannitol did not produce inhibitory effects at any of
the tested concentrations. At the lowest concentrations (19.2 and 9.6 µg/mL) of all of the
treatments, even greater viral growth was observed in the treated samples compared to the
control; this is identified by the negative value of the infectivity percentage. To interpret
the data, it should be mentioned that the cell culture medium containing CsA was replaced
with fresh medium before applying the virus; therefore, the drug that interacted with
the pathogen replication was only the fraction that was internalised by the cell. The fact
that CsA_M20 has superior efficacy to CsA_rm could be due to the higher solubility of
these composite particles, possibly increasing the host intracellular concentration of the
drug where the virus was replicating. These positive inhibition results show that CsA is
active not only against SARS-CoV, as shown in 2011 by de Wilde et al. [20], but also on
the SARS type CoV-2 responsible for the current sanitary emergency. It was demonstrated
that CsA treatment rendered the virus RNA and protein synthesis almost undetectable [20].
In parallel, the reduction of cyclophilins did not interfere with the SARS-CoV replication.
Finally, a further blocking mechanism has been recently in silico demonstrated: through
molecular docking, CsA was able to bind and block two membrane proteins (TMPRSS2
and CTSL) necessary for SARS-CoV-2 to penetrate the host cell [53].

Differently from the pre-treatment condition, in the post-treatment regimen, the viral
inhibitory activity was present for all CsA concentrations tested except for the lowest one.
Furthermore, the CsA_M20 powder was always more effective than the CsA_rm, although
statistically superior only at the concentration of 19.2 and 76.9 µg/mL. Mannitol, as in the
previous case, showed a slight activity of reducing infectivity. With regard to the adopted
protocol, in this case, the treatment was applied after the virus had been allowed to absorb
and then removed from the culture. Therefore, as in the case of the pre-treatment, the
block of the virus infection presumably took place within the host cell, where the viruses
remained after washing resided. The engineered CsA powder had, in these conditions,

37



Pharmaceutics 2023, 15, 1023

superior efficacy likely due to its enhanced dissolution, leading to a higher amount of the
drug entering the host cell where the virus was replicating.

In the simultaneous treatment, the CsA_M20 and CsA_rm powders performed simi-
larly at the two highest concentrations tested where the inhibition reached 75–80%. This
trend changed at 19.2 and 9.6 µg/mL, at which only raw CsA showed an antiviral effect
of 30% significantly higher than that of CsA_M20 (5%). This was the only experimental
protocol in which the cells were exposed to the virus simultaneously with the treatment,
therefore the only situation in which the drug–virus interaction took place both in the
extracellular compartment and subsequently intracellularly. The inhibition data of the
CsA_rm highlight that an interaction may occur between drug suspension and the virus,
which does not happen in the case of the more soluble CsA_M20 powder. In fact, the
members of the Coronaviridae family possess a phospholipid envelope, therefore an inter-
action between the pure CsA_rm and the viral membrane would be possible. It is known
that CsA binds lipid membranes following the classic hydrophobic effect and that CsA
affects the membranes in a concentration-dependent manner by the perturbation of the
organisation of fatty chains [54]. Hence, it can be hypothesised that in the case of the
CsA_rm, the solid particles create a concentration at the particle–virus interface close to
saturation, higher than that generated by the CsA_M20 solubilised in the medium. This
difference could explain the high ability to interact with the cell membrane of the virus.
Furthermore, the presence of solid particles could represent a further obstacle to infection
as they act as a physical barrier and reduce the surface area available for virus adsorption.
In contrast, CsA_M20, which was successfully dissolved in the medium, could little hinder
the interaction between the virus and the host cell membrane. In this regard, the creation
of a polymeric barrier is exploited as a system to inhibit virus–cell interaction by numerous
commercially available nasal sprays to antagonise the infection.

In summary, the most effective treatment regimens were post-infection or simultaneous
infection treatment. In both cases, the infectivity of SARS-CoV-2 was reduced and in the
case of post-treatment, more efficiently by the CsA_M20 powder than the raw material.
This post-infection approach is also the most plausible considering that pharmacological
treatment commonly follows and does not simultaneously accompany the entry of the
virus. Moreover, the raw material, although effective, cannot be administered as such due
to its low respirability. At variance, the prophylactic treatment, despite the in vitro data,
has not been proven to be effective except at the highest concentration tested, probably
because in cases of treatment with a lower dosage, an effective drug concentration is not
internalised and retained by the cells.

4. Conclusions

The work demonstrated that, through the modulation of mannitol and ethanol, it
was possible to achieve an inhalation powder with high respirability (FPF of 66.5%) and
improved CsA release (WDT of 59.5 min). This aspect is of crucial importance considering
that CsA has a very low oral bioavailability and therefore a rapid lung release would be
extremely advantageous to obtain high pulmonary exposure.

Besides the fact that the inhalation powder developed could represent an advanta-
geous strategy in the prevention of lung transplant rejection, the collected findings provide
strong in vitro evidence that this therapeutic approach could be efficient in the reduction of
SARS-CoV-2 infectivity, especially as a post-infection treatment. CsA_M20 powder, applied
to cells one hour after contact with the virus, was able to inhibit its replication by 93%.
Finally, the CsA-engineered powder showed an anti-inflammatory effect in terms of IL-6
reduction that could also be useful in containing the COVID-19 cytokine storm in the lungs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics15031023/s1, Figure S1. XRPD scan of spray-dried powders
and raw materials; Figure S2. XRPD scan of mannitol raw material (light blue), CsA raw material
(green), CsA_M20 powder at time 0 (blue) and after 6 months (red); Figure S3. DSC scan of: CsA raw
material (CsA_rm) in black; CsA pure spray dried: (CsA_SD) in red; Figure S4. DSC scan of mannitol
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spray-dried (red) and mannitol raw material (black); Figure S5. CsA_M20 powder at time 0 after
production (red) and CsA_M20 after 6 months at room temperature (black). References [33,55–60] are
cited in the supplementary materials.
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Abstract: Background: Immunogenicity refers to the inherent ability of a molecule to stimulate an
immune response. Aggregates are one of the major risk factors for the undesired immunogenicity
of therapeutic antibodies (Ab) and may ultimately result in immune-mediated adverse effects. For
Ab delivered by inhalation, it is necessary to consider the interaction between aggregates resulting
from the instability of the Ab during aerosolization and the lung mucosa. The aim of this study
was to determine the impact of aggregates produced during aerosolization of therapeutic Ab on the
immune system. Methods: Human and murine immunoglobulin G (IgG) were aerosolized using
a clinically-relevant nebulizer and their immunogenic potency was assessed, both in vitro using a
standard human monocyte-derived dendritic cell (MoDC) reporter assay and in vivo in immune cells
in the airway compartment, lung parenchyma and spleen of healthy C57BL/6 mice after pulmonary
administration. Results: IgG aggregates, produced during nebulization, induced a dose-dependent
activation of MoDC characterized by the enhanced production of cytokines and expression of co-
stimulatory markers. Interestingly, in vivo administration of high amounts of nebulization-mediated
IgG aggregates resulted in a profound and sustained local and systemic depletion of immune cells,
which was attributable to cell death. This cytotoxic effect was observed when nebulized IgG was
administered locally in the airways as compared to a systemic administration but was mitigated by
improving IgG stability during nebulization, through the addition of polysorbates to the formulation.
Conclusion: Although inhalation delivery represents an attractive alternative route for delivering
Ab to treat respiratory infections, our findings indicate that it is critical to prevent IgG aggregation
during the nebulization process to avoid pro-inflammatory and cytotoxic effects. The optimization of
Ab formulation can mitigate adverse effects induced by nebulization.

Keywords: therapeutic antibody; aerosol; aggregates; immunogenicity
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1. Introduction

Therapeutic antibodies (Ab), which mainly consist of monoclonal IgG, represent
the fastest growing class of protein therapeutics, accounting for 90% of proteins on the
market [1]. As recently highlighted during the COVID-19 pandemic, Ab have a tremendous
potential to provide a rapid neutralizing response to emerging viral respiratory pathogens,
augmenting vaccines for the control of respiratory infections. Interestingly, both pulmonary
and nasal delivery of therapeutic proteins are receiving increasing interest, as the airways
are a relevant non-invasive entry portal to the respiratory tract for local-acting protein
therapeutics [2–4]. For the treatment of respiratory diseases, several preclinical studies
have demonstrated that inhaled protein therapeutics, including Ab, are efficacious and
display a better pharmacokinetic profile, as compared to other routes [5–7]. Despite the
recent clinical development of oral anti-infective Ab, in the context of the global response
to SARS-CoV2 pandemic, the inhalation route remains unexploited for Ab. One of the
unknowns is the biological consequence of Ab instability during aerosolization. Inhalation
requires transformation of a (bulk) protein formulation in an aerosol, i.e., dispersion
of a solution/suspension or a dry-powder into micron-sized particles suspended in a
gaseous medium. As with 75% of the inhaled protein therapeutics in clinical development,
nebulization of liquid formulations is often the primary technique used for the inhalation
of proteins [5]. Nebulization generates a significant air–liquid interface which, combined
with the potential for nebulization-induced temperature increase and/or shear forces, can
be deleterious for proteins. In response to such stresses, proteins are prone to unfolding,
aggregating and, in some cases, being partly inactivated [8,9]. Aggregation is a key marker
of instability in full-length Ab during nebulization [10,11] and its extent mainly depends
on the type of Ab, the aerosol generator type and the formulation characteristics.

Aggregates are associated with Ab-related adverse immunogenicity [12–14]. Immuno-
genicity refers to the inherent properties of a molecule to stimulate an immune response.
Adverse immunogenicity is due to uncontrolled and protracted immune responses and has
major consequences for product safety and pharmacology [15–17]. For instance, adverse
immunogenicity is associated with patient’s immunization and production of anti-drug
antibodies (ADAs) and affects protein therapeutic pharmacokinetics (PK), pharmacody-
namics, efficacy and safety, sometimes resulting in extremely harmful side effects [18,19].
To date, many factors have been implicated in adverse immunogenicity [20–23] and they
include the content of aggregates and the route of administration, which are important
parameters for Ab inhalation.

After inhalation, aggregates from aerosolized Ab will encounter the airways immune
system, which has evolved over time to recognize and prevent foreign particles, including
aggregates, from penetrating the body. The airway mucosa is sentinelled by a high density
of antigen-presenting cells (APC) that quickly and efficiently orchestrate local immune
responses against inhaled antigens [24]. In the present study, we analyzed, both in vitro and
in vivo, the immunological consequences of Ab aggregates generated during aerosolization
and delivered through the airways. First, we screened the potency of IgG aggregates
generated by nebulization to activate APC in vitro, using a standard human monocyte-
derived dendritic cell (MoDC) assay. Considering the complexity of the immune system
and the lung mucosal environment, we evaluated the impact of nebulization-mediated
IgG aggregates on immune cells in vivo after pulmonary administration. Our findings
show that aggregation attributable to Ab nebulization induced immune cell activation, in a
dose-dependent manner and delivering a high-level of aggregates through the pulmonary
route had a dramatic effect on immune cell homeostasis, but also that this was avoidable
through appropriate formulation approaches.

2. Materials and Methods

Mice
Adult male C57BL/6jrj (B6) mice (5 to 7 weeks old) were obtained from Janvier (France).

All mice were housed under specific pathogen-free conditions at the PST Animaleries
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animal facility (France) and had access to food and water ad libitum. All animal experiments
complied with the current European legislative, regulatory and ethical requirements and
were approved by the local animal care and use committee (reference: APAFIS No.10200-
2017061311352787).

Antibodies
Abs 1, 2 and 3 are full-length IgG1 (named hIgG1-1, hIgG1-2 and hIgG1-3) used

in the clinics, supplied in their commercial formulation with endotoxin levels meeting
acceptance thresholds (according to their certificate of analysis). To avoid any interference
on the aggregation propensity of each Ab, excipients were removed by hydroxyapatite
chromatography and subsequent dialysis against phosphate-buffered saline (1X-PBS).
Protein concentration was then evaluated for each Ab: hIgG1-1 (1.7 mg/mL), hIgG1-2
(1.9 mg/mL) and hIgG1-3 (2.38 mg/mL)

mAb166 (mIgG2b-1) is a murine monoclonal IgG2b,κ Ab against pcrV, a component
of a type three secretion system (T3SS) of Pseudomonas aeruginosa [25]. MPC11 (mIgG2b-2)
is the control isotype of mAb166. Both were supplied as sterile, pyrogen-free solution
in 1X-phosphate-buffered saline (1X-1X-PBS), in accordance with good manufacturing
practice, by BioXcell (New Lebanon, NH, USA) with endotoxin level < 1 EU/mL (according
to their certificate of analysis). They were supplied as follows: mIgG2b-1 (2.5 mg/mL),
mIgG2b-2 (8.5 mg/mL). In some experiments, Ab formulations were supplemented with
Polysorbate 80 (PS80; Sigma–Aldrich, Saint-Quentin Fallavier, France) at 0.01% or 0.05%
(final volume) prior to nebulization.

Antibody nebulization
For sterility purposes, this procedure was performed under a cell-culture hood. All

antibodies were filtered in suspension on a 0.22 µm syringe filter (Millipore, Guyancourt,
France). For in vitro assay, all antibodies were diluted in PBS1X to a final concentration of
~1.7 mg/mL before nebulization. For each Ab, 1 mL were nebulized using the clinically-
relevant Aeroneb ProTM vibrating-mesh nebulizer (Aerogen, Ireland), connected with a
13 mL polypropylene tube (Dutscher, Bernolsheim, France) or the VITROCELL Cloud
12 system (VITROCELL Systems, Waldkirch, Germany), which is the commercial version
of the Air–Liquid Interface Cell Exposure–Cloud (ALICE-cloud) system, described by Lenz
and colleagues [26]. Nebulization duration was measured and lasted ~5 min for each
sample (i.e., 0.4 mL/min liquid output rate). For in vitro aerosol-cell exposures, using
the VITROCELL Cloud 12 system, the aerosol cloud was allowed to settle for 20 min
before removing cells. When necessary, nebulized Ab solutions were filtered on a 0.45 µm
syringe filter (Millipore, Guyancourt, France) prior to further use. Nebulizers were washed
extensively between each nebulization sessions using 0.22 µm autoclaved water and 1X-
PBS. Subsequently, nebulized 1X-PBS was analyzed by flow cell microscopy and the
nebulizer was considered cleaned and operating for Ab nebulization when the nebulized
1X-PBS samples contained less than 300 particles/mL. To rule out that cell activation may
be attributable to contamination released during nebulization, the activation potency of
nebulized 1X-PBS (vehicle solution) was also investigated in vitro. Our analysis revealed
that nebulized 1X-PBS had no impact on MoDC activation (data not shown).

Dynamic Light Scattering (DLS) analysis of antibodies
Native and nebulized Ab were analyzed by dynamic light scattering with a Dynapro

Nanostar® (Wyatt Technology, Goleta, CA, USA) after appropriate dilution to 100 µg/mL
in 1X-PBS in UVette (Eppendorf, Montesson, France). For each sample, the acquisition
was performed 10 times for 7 s each, at a temperature of 25 ◦C with a detection angle
of 90◦. The particle diameter (nm) and polydispersion index (pdi) were analyzed using
DynamicsTM software (Wyatt Technology, Goleta, CA, USA). Samples with less than 70%
of successful analyses were considered multimodal and non-analyzable as recommended
by the manufacturer (depicted as n/a).

Flow cell microscopy (FCM) of antibodies
Native and nebulized Ab were analyzed by flow cell microscopy with an Occhio®

FC200S+ (Occhio, Angleur, Belgium) after appropriate dilution to 100 µg/mL in medium
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in the flowcell. Briefly, 250 µL of each antibody solution passed continuously in the flow
cell, where particles were automatically detected, sized and counted by a camera. Particle
counting, size assessment and distribution were analyzed using CallistoTM software
(Occhio, Angleur, Belgium).

Monocyte-derived dendritic cells (MoDC) preparation
Human peripheral mononuclear cells (PBMC) were purified from cytapheresis, ob-

tained from naïve donors (Etablissement Français du Sang, Centre Hospitalier Régional
Universitaire Bretonneau, Tours, France) by centrifugation on a Ficoll density gradient
(Eurobio, Les Ulis, France). MoDC were prepared from PMBC as previously described [27].
Briefly, CD14+ monocytes were isolated using magnetic cell sorting (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) and cultured during 6 days, at 1 × 106 cells/mL in RPMI1640-
GlutamaxTM (Gibco, Illkirch, France) supplemented with 10% of FCS (Dutscher, France),
1X-Penicillin/Streptomycin (Gibco, Illkirch, France) in the presence of 25 ng/mL of IL-4
(Miltenyi Biotec, Bergisch Gladbach, Germany) and 100 ng/mL of GM-CSF. On day 6,
homogeneity and viability of MoDC population was checked by flow cytometry based on
their physical characteristics (forward scatter (FSC) and side scatter (SSC)) and incorpo-
ration of vital dye (LiveDeadTM, Invitrogen, Illkirch, France). The immature phenotype
of MoDC was checked based on their DC-SIGN+, CD80low, CD83low and HLA-DR low
phenotype.

MoDC stimulation with antibody preparation
On day 6, immature MoDC were harvested and washed in complete medium (RPMI1640-

Glutamax™ supplemented with 10% of FCS (Dutscher, Bernolsheim, France) and 1X-
Penicillin/Streptomycin). For experiments using Ab aerosols collected in a 13 mL polypropy-
lene tube, 1 × 105 cells/well were plated in 75 µL in a U-bottom 96-well plate (Falcon,
Becton Dickinson, France) for 4 h. A total of 75 µL of nebulized or native Ab was then
added to a final concentration of 1, 10, 100 and 200 µg/mL depending on the experiments.
For experiments using the VITROCELL Cloud 12 system, 1 × 105 cells/well were plated in
150 µL on a 24-well plate permeable insert (Corning, Hazebrouck, France) for 18 h. The
insert was then placed in the VITROCELL Cloud 12 system with 200 µL in the basolateral
compartment to prevent cell drying and cells were exposed to Ab aerosol as described
above. Inserts were then put back on a companion 24-well plate.

Cells were incubated in 150 µL of complete medium for 18 h at 37 ◦C with 5% CO2.
Lipopolysaccharide (LPS, from Escherichia coli O111:B5, Sigma-Aldrich, France) was used
at 1 µg/mL as a positive control. Untreated and nebulized -1X-PBS (Gibco, Illkirch, France)
were used as vehicle controls. Each condition was tested in 3–9 replicates.

Analysis of MoDC activation by flow cytometry
After 18 h of stimulation, MoDC were harvested and saturated in -1X-PBS supple-

mented with 2% of FCS, 2 mM EDTA and 1X-human Fc-Block (Becton Dickinson, France)
for 15 min at 4 ◦C. Cells were washed and stained in FACS buffer (1X-PBS supplemented
with 2% FCS and 2 mM EDTA) with antibodies described in Supplementary Table S2, for
20 min at 4 ◦C in the dark. FMO controls were generated for each parameter analyzed.
All antibodies were from Biolegend (London, UK). Data acquisition was conducted on the
8-colors MACSQuant flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany) on a
minimum of 10,000 living cells. MoDC analysis was performed using VenturiOne software
(Applied Cytometry, Sheffield, UK). Analysis was conducted on singlet (FSC-A/FSC-H
gating) and CD45+ live cells (negative for LiveDead staining). Costimulatory protein
expression was expressed as a ratio of the median fluorescence intensity (MFI) of cells
treated with nebulized Ab/MFI of cells treated with native Ab.

Cytokine, chemokine and protein assays
All assays were performed on ImmulonTM 96-well plates (ThermoFischer Scientific, Il-

lkirch, France). Concentrations of CXCL8 (IL-8), human IL-6 in cell-free MoDC supernatants
and TNF, IL6, IL1b and CXCL1 (KC) were measured using specific ELISAs (Biolegend,
London, UK; limit of detection: at 15.6 pg/mL) according to the manufacturer’s instructions
and were normalized based on the mean concentration of total protein. Total protein con-
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centration was determined using a BCA assay (ThermoFischer Scientific, Illkirch, France),
according to the manufacturer’s instructions (limit of detection: 15 µg/mL). Protein expres-
sion was expressed as a ratio of the protein concentration of cells treated with nebulized
Ab/protein concentration of cells treated with native Ab.

Animal experiments
For each experiment, 5 mice per group were used. Animal experiments were per-

formed 2–3 times. Nebulized or native mIgG2b-1 and mIgG2b-2 (100 µg/animal, in 40 µL)
were administered orotracheally or through intravenous injection using a restraining tube
at days 0, 7, 14, 21 and 28. For orotracheal administration, mice were anesthetized with
isofluorane 4% and an operating otoscope fit with intubation specula was introduced both
to maintain tongue retraction and to visualize the glottis. A fiber optic wire threaded
through a 20 G catheter and connected to torch stylet (Harvard Apparatus, Holliston, MA,
USA) was inserted into the mouse trachea. Correct intubation was confirmed using a lung
inflation bulb test and 40 µL of the bacterial solution was applied using an ultrafine pipette
tip. For the acute treatment assessment, animals were euthanized using a lethal dose of
ketamine/xylazine at 4 h, on day 1 and 14 days after a single administration. In the chronic
treatment groups, animals were euthanized at day 29.

At the time of necropsy, blood was recovered by intracardiac puncture. Bronchoalve-
olar lavage fluid (BALF) was then collected by cannulating the trachea and washing the
lung twice with 1.2 mL of 1X-PBS at room temperature. The lavage fluid was centrifuged
at 400× g for 10 min at 4 ◦C, and the supernatant was stored at −20 ◦C until analysis. The
cell pellet was resuspended in FACS buffer and counted in a hemocytometer chamber.
Peripheral blood was washed out by intracardiac perfusion with 10 mL of 1X-PBS. Lung
and spleen homogenates were then prepared in 2 mL of RPMI1640 containing 125 µg/mL of
Liberase (Sigma–Aldrich, France) and 100 µg/mL of DnaseI (Sigma–Aldrich, Saint-Quentin
Fallavier, France) using a GentleMACS tissue homogenizer (Miltenyi Biotec, Bergisch Glad-
bach, Germany). Cells were isolated through a 100 µm cell strainer and purified with a 20%
Percoll (Sigma–Aldrich, Saint-Quentin Fallavier, France) density gradient. Cell preparation
was centrifuged at 400× g for 10 min at 4 ◦C, and the pellet was resuspended in FACS
buffer, and counted in a hemocytometer chamber.

Immune cell phenotyping by flow cytometry
BALF, lung and spleen cells isolated as described above were saturated in 1X-PBS

supplemented with 2% of FCS, 2 mM EDTA and 1X- human Fc-Block (Becton Dickinson,
France) for 15 min at 4 ◦C. Cells were washed and stained with antibodies described in
Supplementary Table S2 for 20 min at 4 ◦C in the dark. Data acquisition was made on the
8-colors MACSQuant flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany) on
a minimum of 100,000 living cells. Analysis was performed using VenturiOne software
(Applied Cytometry, Sheffield, UK). Analysis was made on singlet (FSC-A/FSC-H gating)
and CD45+ live cells (negative for LiveDead staining). Immune cell phenotypes were
determined as described in Supplementary Table S2. Data were normalized based on the
mean concentration of respective native Ab conditions or expressed as a number of cells
calculated as follows: % of the total CD45+ immune cell population x total number of cells.
For Annexin-V/PI staining, data were normalized as follows: % of the positive population
for nebulized Ab/% of the positive population for native Ab.

Histology
Lungs were fixed in 10% buffered formalin (Shandon), dehydrated in ethanol and

embedded in paraffin. Serial sections (3 mm) were stained with hematoxylin and eosin
(HE) or Congo red. Ten HE sections per mouse were randomly evaluated to count the cell
nucleus using a machine-learning pixel classification plugin for Image J (https://imagej.
net/plugins/tws/, as available on 17 March 2022), as described previously [28].

Statistical analysis
Differences between experimental groups were determined using Kruskal –Wallis

or t-test comparing two groups, using one or two-way analysis of variance (ANOVA)
followed by Newman–Keuls or Bonferroni post-test (for comparison between more than

46



Pharmaceutics 2022, 14, 671

two groups), after confirmation that the data were normally distributed. All statistical
tests were performed with GraphPad Prism software (version 4.03 for Windows, GraphPad
Software Inc., San Diego, CA, USA). All data are presented as mean ± standard error of the
mean (SEM). The threshold for statistical significance was set to p < 0.05.

3. Results
3.1. Aggregation of Antibodies Is Heterogeneous during Nebulization

Nebulization promotes Ab aggregation [10,11]. In this study, mesh nebulization
was used since it is less deleterious on Ab and often considered for aerosolization of
proteins [5]. Full-length Ab, commercially available or under preclinical development, were
reformulated in 1X-PBS and nebulized with the Aeroneb Pro™ vibrating-mesh nebulizer.

Ab aggregation results in a broad range of particles, from dimers (several nanometers)
to micron-sized, and even visible particles in some cases [29], requiring the combination
of different complementary analytical techniques. The aggregation profiles of Ab were
assessed using DLS and FCM to report particles at the submicrometric and micrometric
scales, respectively (Figure 1).
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Figure 1. Antibodies were either nebulized using an Aeroneb ProTM vibrating-mesh nebulizer and
collected (Nebulization +) or left untreated (Nebulization −). The total number of particles (with
diameter >2 µm) was quantified using a flow microscope. The data are quoted as the mean ± SEM.
*, **, ***: p < 0.05, p < 0.01 and p < 0.001, respectively, in a one-way ANOVA with Newman–Keuls
correction for multiple comparisons. The results represent three to eight independent nebulizations.

Nebulization led to an increase in the concentration of particles > 2 µm for hIgG1-
1, mIgG2b-1 and mIgG2b-2, as compared to their native counterparts. Conversely, no
significant increase in particle count was observed for hIgG1-2 and hIgG1-3 (Figure 1).
Furthermore, comparing nebulized Ab, we observed that hIgG1-1 and mIgG2b-1 had
significantly more particles than the other human and murine Ab, respectively. In addition
to differences in total particle concentration, there were also differences in particle size
distribution. Nebulized hIgG1-1 and -2 had more than 78% of their particles smaller than
5 µm, while hIgG1-3, mIgG2b-1 and mIgG2b-2 comprised more than 33% of their particles
above 5 µm (Table 1). For murine mIgG2b-1 and mIgG2b-2, aggregation was also observed
at the submicron scale, most notably for nebulized mIgG2b-1, which could not even be
analyzed by DLS due to the large heterogeneity of the particle size distribution (most likely
all-sized Ab aggregates), which cannot be clearly structured in defined size modes—a
prerequisite for DLS measurements. Nebulized mIgG2b-2 exhibited a significant reduction
(7%) in monomeric Ab amount (Supplementary Table S1). Overall, our results highlight
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the substantial heterogeneity of Ab aggregation during mesh nebulization, most likely
depending on Ab sequence/structure.

Table 1. Particle size distribution (%) of nebulized antibodies.

Antibody 2–5 µm 5–25 µm >25 µm

hIgG1-1 84.3 14.7 1.1
hIgG1-2 78.4 21.1 0.4
hIgG1-3 53.8 45.8 0.4

mIgG2b-1 67 32.3 0.7
mIgG2b-2 57.8 40.7 1.6

3.2. Ab Aggregates, Produced during Mesh Nebulization, Activate Antigen-Presenting Cells

The dramatic consequences of adverse immunogenicity have prompted regulatory
authorities to establish a guidance to test the immunogenicity of therapeutic protein prod-
ucts and industry to propose screening approaches [30,31]. They include investigating the
ability of protein aggregates to activate immune cells, in vitro.

Here, we incubated human monocyte-derived dendritic cells (MoDC) overnight with
native or nebulized Abs (hIgG1-1 to -3) and analyzed both the release of pro-inflammatory
cytokines and expression of co-stimulatory proteins involved in the DC-T synapse (CD25,
CD83, CD86 and CD80). Neither the native Ab, nor the nebulized buffer without Ab (data
not shown) promoted IL-6 or IL-8 production by MoDC (Figure 2A,B) and modulated cell
markers as compared to untreated MoDC (Figure 2E–H). Nebulized and aggregated hIgG1-
1 induced a significant and dose-dependent increase in cytokine production (Figure 2A–D)
whereas the other nebulized Ab solutions had only a minor and inconsistent impact on cy-
tokine level. The nebulized and aggregated hIgG1-1 induced a slight but significant increase
in all cell markers, whereas the effect of other nebulized Ab was limited (Figure 2E–H). In-
terestingly, the filtration of Ab solutions after nebulization, removing micrometric particles
(data not shown), resulted in the abrogation of both cytokine release and expression of
co-stimulatory markers by MoDC (Figure 2A–H, gray bars). In addition, when comparing
nebulized antibodies, our analysis revealed that activation potency of hIgG1-1 was higher
than for hIgG1-2 and hIgG1-3. Altogether, our results suggest that activation of APC
was attributable to the presence of aggregates and that the extent of this activation was
correlated to the number of particles (Figure 1). Since the aerosol collection system may
modulate the amount and the size distribution of Ab aggregates after nebulization [11], we
determined whether collection might induce a bias in APC activation. We directly exposed
MoDC to hIgG1-1 aerosols using the VITROCELL Cloud 12 system [26]. As observed in
Supplementary Figure S1, we obtained similar results on MoDC activation independent of
whether the cells were directly exposed to hIgG1-1 aerosols (through use of the VITROCELL
Cloud 12 system) or exposed to them after collection as a bulk solution, supporting our
decision of adopting the latter approach. Collectively, our results showed that nebulized
Ab induced MoDC maturation and activation as compared to native Ab and confirmed the
involvement of Ab aggregates in this response.
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ing different amounts of aggregates during mesh nebulization (Figure 1) which differen-
tially activate MoDC (Supplementary Figure S2). We administered them through the air-
ways in naive mice. Remarkably, the nebulized and aggregated mIgG2b-1 resulted in a 
dramatic reduction in the total cell number in the airway compartment of mice (BAL), as 
compared to native antibodies administered by the same route (Figure 3A). Moreover, 
nebulized mIgG2b-2, producing 10-fold fewer aggregates after mesh nebulization than 
mIgG2b-1 (Figure 1), showed no statistically significant reduction in BAL cell number 
(Figure 3G). Of note, the animals that received the native Ab through the airways had 
similar cell count as sham animals (data not shown), which implies that the orotracheal 
application itself did not obfuscate our results. 

Figure 2. MoDC were stimulated using equal final concentration of Ab at 100 µg/mL, either native
(white bars), nebulized (black bars) or nebulized and 0.45 µm-filtered (gray bars) for 18 h. IL6 (A) and
IL8 (B) were quantified in cell-free supernatant. MoDC were stimulated with 1, 10, 100 or 200 µg/mL
(gray to black bars) of nebulized hIgG1 or 100 µg/mL of nebulized and 0.45 µm-filtered hIgG1
(last bar) or left untreated (white bars) for 18 h. IL6 (C) and IL8 (D) were quantified in cell-free
supernatant. MoDC were stimulated using equal final concentration of Ab at 100 µg/mL either native
(white bars), nebulized (black bars) or nebulized and 0.45 µm-filtered (gray bars) for 18 h. CD25
(E), CD83 (F), CD86 (G) and CD80 (H) expression were measured using flow cytometry. The data
are quoted as the mean ± SEM. *, **, ***: p < 0.05, p < 0.01 and p < 0.001, respectively, in a one-way
ANOVA with Newman–Keuls correction for multiple comparisons. The results are representative of
six independent experiments (n = 6–9 technical replicates/experiment).

3.3. High-Level of Nebulization-Mediated Antibody Aggregates Impair Lung Cell Homeostasis
after Lung Delivery

Historically, in vitro assays have been widely used to describe the potential immuno-
genicity of biotherapeutic aggregates [13]. However, they display several limitations: (i) the
amount of aggregates inducing a response in vitro may not directly translate into in vivo
response and (ii) they may not predict the impact of the pulmonary delivery route. To
gain insight into the broad effects of Ab aggregates produced by aerosolization within the
lung compartment, we selected two murine IgG2b–mIgG2b-1 and mIgG2b-2-producing
different amounts of aggregates during mesh nebulization (Figure 1) which differentially
activate MoDC (Supplementary Figure S2). We administered them through the airways in
naive mice. Remarkably, the nebulized and aggregated mIgG2b-1 resulted in a dramatic
reduction in the total cell number in the airway compartment of mice (BAL), as compared
to native antibodies administered by the same route (Figure 3A). Moreover, nebulized
mIgG2b-2, producing 10-fold fewer aggregates after mesh nebulization than mIgG2b-1
(Figure 1), showed no statistically significant reduction in BAL cell number (Figure 3G). Of
note, the animals that received the native Ab through the airways had similar cell count as
sham animals (data not shown), which implies that the orotracheal application itself did
not obfuscate our results.
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The total number of cells (G,I) and CD45+ cells (H and J) were quantified in BAL (G,H), in the lungs 
(I,J) using flow cytometry, 18 h after the administration. Lung tissues of mice treated with either 
native (white bars) or nebulized (black bars) mIgG2b-1 were histologically examined 18 h after the 
administration. (K) Hematoxylin-eosin sections were used to quantify cell nucleus (M) by machine-
learning (see material and methods section). (L) Congo red sections were observed under polarized 
light. Aggregates are identified as apple-green birefringence artifacts. 10 sections/mouse were ob-
served at x20 magnification and used for machine-learning quantification. The data are quoted as 
the mean ± SEM. *, **, ***: p < 0.05, p < 0.01 and p < 0.001, respectively, in a one-way ANOVA with 
Newman–Keuls correction for multiple comparisons. The results are representative of three inde-
pendent experiments (n = 5 mice/experiment). 

Analysis of the cellular phenotype of the BAL cells revealed an analogous result for 
immune (CD45+ leukocytes) cells (Figure 3B,H). Further analysis did not reveal any im-
pact on specific lineage as almost all immune cell types were affected after the administra-
tion of aggregated Ab (Supplementary Figure S3A–E). In the lung tissue, nebulized 
mIgG2b-1 caused a 2-fold reduction in total cell and leukocyte counts relative to controls 
(Figure 3C,D), while nebulization of mIgG2b-2 did not modify leukocyte counts (Figure 

Figure 3. B6 mice received a 40 µL orotracheal instillation of mIgG2b-1 at 100 µg/mL either native
(white bars), nebulized (black bars) or nebulized and 0.45 µm-filtered (gray bars). The total number
of cells (A,C,E) and CD45+ cells (B,D,F) were quantified in BAL (A,B), in the lungs (C,D) and the
spleen (E,F) using flow cytometry, 18 h after the administration. B6 mice received a 40 µL orotracheal
instillation of mIgG2b-2 at 100 µg/mL either native (white bars) or nebulized (black bars). The
total number of cells (G,I) and CD45+ cells (H and J) were quantified in BAL (G,H), in the lungs
(I,J) using flow cytometry, 18 h after the administration. Lung tissues of mice treated with either
native (white bars) or nebulized (black bars) mIgG2b-1 were histologically examined 18 h after the
administration. (K) Hematoxylin-eosin sections were used to quantify cell nucleus (M) by machine-
learning (see material and methods section). (L) Congo red sections were observed under polarized
light. Aggregates are identified as apple-green birefringence artifacts. 10 sections/mouse were
observed at x20 magnification and used for machine-learning quantification. The data are quoted
as the mean ± SEM. *, **, ***: p < 0.05, p < 0.01 and p < 0.001, respectively, in a one-way ANOVA
with Newman–Keuls correction for multiple comparisons. The results are representative of three
independent experiments (n = 5 mice/experiment).

Analysis of the cellular phenotype of the BAL cells revealed an analogous result for
immune (CD45+ leukocytes) cells (Figure 3B,H). Further analysis did not reveal any impact
on specific lineage as almost all immune cell types were affected after the administration
of aggregated Ab (Supplementary Figure S3A–E). In the lung tissue, nebulized mIgG2b-1
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caused a 2-fold reduction in total cell and leukocyte counts relative to controls (Figure 3C,D),
while nebulization of mIgG2b-2 did not modify leukocyte counts (Figure 3I,J). This decrease
affected both myeloid (neutrophils, monocytes/macrophages and dendritic cells) (Supple-
mentary Figure S3F–I) and lymphoid lineages (B, T CD4+/CD8+ cells) (Supplementary
Figure S3J–L). The modification of cell homeostasis in the airway compartment was not
associated with an alteration of the lung epithelial barrier (Supplementary Figure S4),
but was mostly attributable to micron-sized particles as 0.45 µm-filtration of nebulized
mIgG2b-1 prevented these adverse effects (Figure 3A–F, gray bars). The filtration step did
not significantly modify Ab particle size distribution (Supplementary Tables S4 and S5) or
concentration (Supplementary Table S6), as compared to native Ab.

Interestingly, we observed protein aggregates (appearing as apple-green birefringence
structures under polarized light) on Congo red stained lung sections from animals treated
with nebulized mIgG2b-1 (Figure 3L). Unsupervised machine learning, which was used to
quantify the cell nucleus on HE-stained lung section, confirmed that local administration
of nebulized mIgG2b-1 was associated with a significant reduction of lung cells after 18 h
(Figure 3K,M). Unexpectedly, the number of total and immune cells was also diminished,
even though to a lesser extent, in the spleen (Figure 3E,F), indicating that the impairment of
cellular homeostasis reached the systemic compartment. Contraction of cell number 18 h
after a single airway administration of nebulized Ab primarily occurred in the airways,
and then probably extended through the lung tissue and systemically as it was restricted to
the airway compartment after 4 h (Figure 4A–F). Moreover, this effect was sustained for at
least up to 14 days after Ab administration (Figure 4G,H), or after repeated administrations
(Figure 4I–N). For either single or repeated administrations of nebulized mIg2b-1, we did
not observe any sign of general toxicity, including body-weight loss (data not shown). Over-
all, our results suggest that airway administration of aggregated IgG (>0.45 µm) profoundly
affected cellular homeostasis, in a time-dependent manner, both locally and systemically.

3.4. Nebulized Aggregated Antibody Induced Immunologically Silent Cell Death after Lung
Administration

Next, we investigated the mechanisms accounting for host cell contraction and hy-
pothesized that it was associated with cell death. Cell death occurs in multiple forms and
can be divided in accidental cell death (ACD; necrosis) or regulated cell death (RCD; apop-
tosis) [32]. ACD is characterized by a dramatic and instantaneous collapse of cells and can
be triggered in response to different stresses, including chemical, physical or mechanical
insults, whereas RCD relies on committed molecular machinery [33]. Using Annexin-
V/propidium iodide (PI) staining, which allows the discrimination of early apoptotic cells
(Annexin-V+/PI-), late apoptotic cells (Annexin-V+/PI+) and necrotic cells (Annexin-V-
/PI+) [34], we quantified the proportion of each cell death phenotypes in both total cells and
CD45+ leukocytes population, 18 h after a single administration of mIgG2b-1. We observed
that administration of nebulized mIgG2b-1 provoked a significant increase in both late
apoptotic and necrotic spleen cells while lung and airway cells were suffering from necrosis
as compared to mice treated with native Ab (Figure 5A–F) or with nebulized mIgG2b-2
(Supplementary Figure S5). The type of cell death could also be determined by the analysis
of mediators released in the environment. When comparing BALs from animals treated
with native and nebulized mIgG2b-1, we did not observe any significant difference in the
production of TNF, IL-6, IL-1b or CXCL1 (KC) (Figure 5G–J). These data suggest that the
cell contraction occurring after single or multiple airway administration of nebulized and
aggregated IgG was associated with an inflammatory silent cell death process.
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Figure 4. B6 mice received a 40 µL orotracheal instillation of mIg2b-1 at 100 µg/mL either native
(white bars) or nebulized (black bars) through the airways at D0, or D + 0, D + 7, D + 14, D + 21 and D
+ 28. The total number of cells (A,C,E,G,I,K,M) and CD45+ cells (B,D,F,H,J,L,N) were quantified in
BAL (A,B,I,J), in the lungs (C,D,G,H,K,L) and the spleen (E,F,M,N) using flow cytometry, 4 h, 14 days
or 29 days after the first administration. The data are quoted as the mean ± SEM. *, **: p < 0.05 and p
< 0.01, respectively, in a t-test. The results are representative of two independent experiments (n = 5
mice/experiment).

3.5. The Effect of Nebulization-Mediated Antibody Aggregates on Immune Cell Homeostasis Is
Specific of the Pulmonary Route

Immunogenicity of Ab is also dependent on their route of administration [20–22].
Thus, we investigated the effect of native or nebulized-mIgG2b-1 after intravenous in-
jection. In contrast to what was observed after airway administration, there were no
significant differences in the BAL or lung cell counts in the animals who received native or
nebulized mIgG2b-1 intravenously (Figure 6A–D). Interestingly, these results were substan-
tiated when analyzing cell number after repeated administration of nebulized mIgG2b-1
(Supplementary Figure S6), where no differences were noticed in the airways or lungs of
animals treated by repeated intravenous injections as compared to animals, which received
the IgG in the lungs. Our data suggest that the route of administration played an impor-
tant role on the adverse effect of IgG aggregates produced during nebulization on cell
homeostasis.
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total cell (A,C,E) or CD45+ cell (B,D,F), 18 h after the administration in BAL (A,B), lungs (C,D) and 
spleen (E,F) relative to mice treated with native Ab using flow cytometry. The concentrations of 
TNF (G), IL6 (H), IL1b (I) and KC (J) in BALF were determined 18 h after the administration. The 
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Figure 5. B6 mice received a single 40 µL orotracheal instillation of mIg2b-1 at 100 µg/mL either native
(white bars) or nebulized (black bars). The proportion of early apoptotic cells (Annexin-V+/PI-), late
apoptotic cells (Annexin-V+/PI+) and necrotic cells (Annexin-V-/PI+) were quantified in total cell
(A,C,E) or CD45+ cell (B,D,F), 18 h after the administration in BAL (A,B), lungs (C,D) and spleen
(E,F) relative to mice treated with native Ab using flow cytometry. The concentrations of TNF (G), IL6
(H), IL1b (I) and KC (J) in BALF were determined 18 h after the administration. The data are quoted
as the mean ± SEM. *, **: p < 0.05 and p < 0.01, respectively, in a t-test. The results are representative
of three independent experiments (n = 5 mice/experiment).

3.6. Reducing Aggregation Limits Pulmonary Cytotoxicity Associated to Lung Administration of
Nebulized Ab

Pharmaceutical development aims to design a high-quality product ensuring an effi-
cacious and safe treatment along the life of the product. Hence, formulation and protein
engineering are often adapted to limit Ab aggregation, especially considering chronic-
based therapies. Different parameters, including addition of surfactant, have a protective
effect, limiting Ab aggregation during nebulization [10]. Here, we added polysorbate
80 (PS80) in mIgG2b-1 formulation which significantly reduced its aggregation during
nebulization (Supplementary Figure S7). The addition of surfactant did not significantly
modify Ab particle size distribution (Supplementary Tables S4 and S5) or concentration
(Supplementary Table S6) as compared to unformulated Ab. Single administration of
nebulized mIgG2b-1 supplemented with 0.05% of PS80 abrogated the reduction of lung
cell number (Figure 7C,D) and to a lesser extent of airway cell (Figure 7A,B) as compared
to non-formulated mIgG2b-1. This was likely attributable to a reduction in cell death in
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the same compartment (Supplementary Figure S8). These results suggest that optimiz-
ing IgG formulation improved its molecular stability and might limit adverse effects on
cell homeostasis.
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Pharmaceutical development aims to design a high-quality product ensuring an effi-
cacious and safe treatment along the life of the product. Hence, formulation and protein 
engineering are often adapted to limit Ab aggregation, especially considering chronic-
based therapies. Different parameters, including addition of surfactant, have a protective 
effect, limiting Ab aggregation during nebulization [10]. Here, we added polysorbate 80 
(PS80) in mIgG2b-1 formulation which significantly reduced its aggregation during neb-
ulization (Supplementary Figure S7). The addition of surfactant did not significantly mod-
ify Ab particle size distribution (Supplementary Tables S4 and S5) or concentration (Sup-
plementary Table S6) as compared to unformulated Ab. Single administration of nebu-
lized mIgG2b-1 supplemented with 0.05% of PS80 abrogated the reduction of lung cell 
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Figure 6. B6 mice received a 40 µL orotracheal instillation or 100 µL intravenous injection of mIgG2b-1
at 100 µg/mL either native (white bars) or nebulized (black bars). The total number of cells (A,C) and
CD45+ cells (B,D) were quantified in BAL (A,B) and in the lungs (C,D) using flow cytometry, 18 h
after the administration. The data are quoted as the mean ± SEM. *, **, ***: p < 0.05, p < 0.01 and
p < 0.001, respectively, in a t-test. The results are representative of two independent experiments
(n = 5 mice/experiment).

54



Pharmaceutics 2022, 14, 671
Pharmaceutics 2022, 14, x FOR PEER REVIEW 14 of 19 
 

 

 
Figure 7. B6 mice received a 40 µL orotracheal instillation of mIgG2b-1 at 100 µg/mL either native 
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etry, 18 h after the administration. The data are quoted as the mean ± SEM. *, **, ***: p < 0.05, p < 0.01 
and p < 0.001, respectively, in a t-test. The results are representative of two independent experiments 
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manufacturing, storage or clinical use, and they often require high therapeutic doses, ne-
cessitating high concentration drug products with a higher risk of aggregation. Tracking 
aggregates prior and after Ab bioprocessing is essential to avoid risks for patients, treat-
ment failure and ultimately termination of drug development/commercialization. 

Protein aggregation has been widely demonstrated as an influential factor in the in-
duction of adverse immunogenicity of biotherapeutics [35,36]. However, some of the 
stress conditions used in the literature are not representative of those experienced during 
product development, manufacturing, storage or clinical use, making the generated ag-
gregates far different from those found in marketed products. This may hamper conclu-
sions about the exact potency of protein aggregation in the occurrence of drug immuno-
genicity. Several intrinsic or extrinsic attributes of aggregates might work synergistically 
to induce immunogenicity. Among them, parameters related to the delivery route can af-
fect the immune response associated with the administration of drugs. For example, sub-
cutaneous delivery has been associated with higher immunogenicity than the intravenous 
route, for several biotherapeutics [37,38]. To our knowledge, there has not been any study 

Figure 7. B6 mice received a 40 µL orotracheal instillation of mIgG2b-1 at 100 µg/mL either native
(white bars), nebulized (black bars) or nebulized + 0.05%-PS80(gray bars). The total number of
cells (A,C) and CD45+ cells (B,D) were quantified in BAL (A,B) and in the lungs (C,D) using flow
cytometry, 18 h after the administration. The data are quoted as the mean ± SEM. *, **, ***: p < 0.05,
p < 0.01 and p < 0.001, respectively, in a t-test. The results are representative of two independent
experiments (n = 5 mice/experiment).

4. Discussion

Ab are highly sensitive to stresses encountered during their product development,
manufacturing, storage or clinical use, and they often require high therapeutic doses,
necessitating high concentration drug products with a higher risk of aggregation. Tracking
aggregates prior and after Ab bioprocessing is essential to avoid risks for patients, treatment
failure and ultimately termination of drug development/commercialization.

Protein aggregation has been widely demonstrated as an influential factor in the in-
duction of adverse immunogenicity of biotherapeutics [35,36]. However, some of the stress
conditions used in the literature are not representative of those experienced during product
development, manufacturing, storage or clinical use, making the generated aggregates far
different from those found in marketed products. This may hamper conclusions about the
exact potency of protein aggregation in the occurrence of drug immunogenicity. Several
intrinsic or extrinsic attributes of aggregates might work synergistically to induce immuno-
genicity. Among them, parameters related to the delivery route can affect the immune
response associated with the administration of drugs. For example, subcutaneous delivery
has been associated with higher immunogenicity than the intravenous route, for several
biotherapeutics [37,38]. To our knowledge, there has not been any study conducted so far
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to assess the immunogenicity associated with lung administration of an aerosolized and
aggregated Ab. We set out a dual experimental approach to investigate the quality and the
extent of the immune responses induced by a nebulized and aggregated Ab using both
in vitro and in vivo models. Here, we showed for the first time that the aggregates resulting
from IgG nebulization induced immune cell over-activation and that their delivery to the
lung markedly and durably impaired cell homeostasis.

Protein aggregation is a process of non-specific association of monomers through mul-
tiple physical and chemical pathways, which are well documented [39]. The characteristics
of protein aggregates are variable in terms of particle size, number, morphology, chemical
modifications, reversibility, conformation or hydrophobicity [40]. This phenotypic hetero-
geneity results from the various stresses applied to proteins and require specific analytical
methods [41]. Aerosol generation involves the dispersion of liquid droplets into a gas. This
process may be associated with physical stresses, including temperature variations and the
generation of a massive air–liquid interface, which ultimately induce changes in protein
conformation and lead to its aggregation [10]. We measured the aggregation of several
human IgG submitted to aerosolization using a vibrating-mesh nebulizer, which is expected
to be less deleterious than other nebulizers [42,43]. Flow cell microscopy and dynamic
light scattering revealed that the number and size of aggregates were Ab dependent, con-
firming the results in the literature on the necessity of a case-by-case approach. Moreover,
drastic differences were observed between commercial Abs (hIgG1-1 to 3) and murine
Abs (mIgG2b-1 and -2), where the latter displayed higher aggregation upon nebulization.
This may be explained by the fact that commercial Abs underwent advanced development
programs and were thus selected for their limited aggregation potency. We next determined
whether the aggregates found in the therapeutic product after nebulization may induce
immunogenicity using an MoDC-based assay, which has been widely used to describe
the potential immunogenicity of biotherapeutics or unwanted products [44]. Our analysis
revealed that nebulized and aggregated hIgG1, in particular, hIgG1-1, were able to induce
MoDC activation and maturation, as evidenced by the enhanced secretion in cytokines
and increased expression of co-stimulatory proteins on MoDC. This response correlated
with the fraction of micron-sized aggregates in the Ab aerosol. There are still discrepancies
regarding the size and type of aggregates involved in the generation of immunogenic
responses [45]. This depends on the type and strength of the stress applied and the multiple
experimental protocols, which have been described [21,46]. Here, hIgG1-1 aerosol is mainly
composed of small-sized particles (2–10 µm), which have been shown to enhance the
immune response and be the most immunogenic [45,47].

One potential bias regarding Ab aggregation could be attributed to the aerosol collec-
tion step, which uses a polypropylene tube to re-pool aerosol droplets into a bulk liquid.
Indeed, it has been evidenced that the aerosol collection device could influence protein
stability, generating different aggregation profiles [11,48]. In this context, we used the
VITROCELL technology, which was developed to improve the reliability of toxicological
studies for aerosolized compounds on air–liquid interface cell cultures [49,50]. This system,
which allows the direct deposition of aerosols on cells, avoids the collection step [51]. Our
results showed that direct hIgG1-1 deposition on MoDCs resulted in cell activation, as
evidenced by the similar increase in both cytokine production and expression of costimu-
latory proteins than those obtained with the nebulized-collected Ab. Thus, the collection
system used here was considered relevant for these assays and was kept for the in vivo
experiments.

Considering the complexity of the lung mucosal-associated immune system, it was nec-
essary to use an animal model to predict the immunogenicity of nebulized Ab in vivo [52,53].
We chose murine antibodies to avoid a high immunogenic background response due to
the non-specific activation of the mouse immune system by foreign proteins. In our study,
we observed that single or repeated administration of a nebulized antibody in the lungs
induced a significant contraction of the total and immune cell number in the airways start-
ing quickly after the administration as compared to native Ab or saline controls. This was
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dependent on the number of aggregates as low aggregated Ab, filtered or PS80 preparation
of nebulized Ab did not have any impact on cell number. Interestingly, at later time points,
this contraction reached the lung parenchyma and the spleen, significantly reducing the
number of both myeloid and lymphoid cells. We wondered whether this cell number
reduction induced by the administration of nebulized Ab was associated with cell death.
We observed that apoptosis was significantly increased in lung total cells and in leukocytes
after the airway administration of nebulized Ab. Interestingly, these cellular injuries were
dependent on the presence of aggregates, as Ab formulated with surfactant, known to limit
aggregation [10], and even filtered nebulized Ab preparation did not promote cell death.
These adverse effects were also dependent on the route of administration as nebulized Ab
administered through the intravenous route was not associated with the same reduction
in cell number. The complete understanding of the molecular and cellular mechanism
associated with the massive cytotoxicity of nebulized and aggregated antibodies requires
further investigations.

Protein aggregation underlies many chronic diseases where aggregates are thought
to elicit injury, including cell apoptosis [54,55]. To the best of our knowledge, this is the
first study reporting that extracellular therapeutic protein aggregates may sensitize the
host to cytotoxicity. This cellular injury occurred in the absence of a pro-inflammatory
response, which is contradictory with the current paradigm regarding the induction of
innate immune responses by protein aggregates [13]. This discrepancy may come from the
attributes of Ab aggregates associated with nebulization, as compared to those associated
with other aggregation stresses, including the formation of neoepitopes, the immunomodu-
latory properties of the aggregates, the exposure of post-translational modifications or the
generation of danger signals [56]. A complete understanding of the physical mechanisms
accounting for the immunogenic properties of nebulized Ab aggregates is beyond the scope
of this study. Immunogenicity may also be associated with the breakdown of self-tolerance
rather than an active immune response [56]. It is particularly concordant with repeated
exposure, which may occur during dosing regimens for chronic disease [36].

In conclusion, we demonstrated that aerosolization using a clinically-relevant nebu-
lizer induced Ab aggregation and resulted in immune cell activation and immunocytotoxi-
city in vivo. Although there are still many questions to address to better understand the
relationship between Ab aggregates and immunogenicity, our findings point to a significant
role for the route of administration in the immunogenic/biological response associated
to Ab aggregates. Further investigations will be required to determine the types and the
number of aggregates and the role for the Fc domain in the immunocytotoxic response of
Ab aggregates produced during nebulization. Our findings also highlight the importance
to further explore the different methods (protein engineering, aerosolization process and
formulations) to stabilize Ab during aerosolization to minimize risks for the patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14030671/s1, Figure S1: in vitro aerosol-MoDC
exposure using Vitrocell; Figure S2: MoDC activation by nebulized mIgG2b-1; Figure S3: Lung cell
immunophenotyping after administration of nebulized mIgG2b-1; Figure S4: Protein content in BALF
after administration of nebulized mIgG2b-1; Figure S5: Apoptosis of lung and airway cells after
administration of nebulized mIgG2b-2; Figure S6: Lung and airway cell count after i.v administration
of nebulized mIgG2b-1; Figure S7: Effect of PS80 on the generation of aggregate after mIgG2b-1
nebulization; Figure S8: Lung cell count after administration of nebulized mIgG2b-1 supplemented
with 0.05%-PS80; Table S1: Dynamic light scattering analysis of nebulized antibodies; Table S2: List
of antibodies used for flow cytometry; Table S3: Phenotype of analyzed cells; Table S4: Particle size
distribution (%) of nebulized antibodies; Table S5: Dynamic light scattering analysis of nebulized
antibodies; Table S6: Nanodrop analysis of antibody concentration.
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Abstract: Acute respiratory distress syndrome (ARDS) is a severe complication of lung injuries, com-
monly associated with bacterial, fungal and viral infections, including SARS-CoV-2 viral infections.
ARDS is strongly correlated with patient mortality and its clinical management is very complex, with
no effective treatment presently available. ARDS involves severe respiratory failure, fibrin deposition
in both airways and lung parenchyma, with the development of an obstructing hyaline membrane
drastically limiting gas exchange. Moreover, hypercoagulation is related to deep lung inflammation,
and a pharmacological action toward both aspects is expected to be beneficial. Plasminogen (PLG) is
a main component of the fibrinolytic system playing key roles in various inflammation regulatory
processes. The inhalation of PLG has been proposed in the form of the off-label administration of an
eyedrop solution, namely, a plasminogen-based orphan medicinal product (PLG-OMP), by means
of jet nebulisation. Being a protein, PLG is susceptible to partial inactivation under jet nebulisation.
The aim of the present work is to demonstrate the efficacy of the mesh nebulisation of PLG-OMP
in an in vitro simulation of clinical off-label administration, considering both the enzymatic and
immunomodulating activities of PLG. Biopharmaceutical aspects are also investigated to corroborate
the feasibility of PLG-OMP administration by inhalation. The nebulisation of the solution was per-
formed using an Aerogen® SoloTM vibrating-mesh nebuliser. Aerosolised PLG showed an optimal
in vitro deposition profile, with 90% of the active ingredient impacting the lower portions of a glass
impinger. The nebulised PLG remained in its monomeric form, with no alteration of glycoform
composition and 94% of enzymatic activity maintenance. Activity loss was observed only when
PLG-OMP nebulisation was performed under simulated clinical oxygen administration. In vitro
investigations evidenced good penetration of aerosolised PLG through artificial airway mucus, as
well as poor permeation across an Air–Liquid Interface model of pulmonary epithelium. The results
suggest a good safety profile of inhalable PLG, excluding high systemic absorption but with good
mucus diffusion. Most importantly, the aerosolised PLG was capable of reversing the effects of an
LPS-activated macrophage RAW 264.7 cell line, demonstrating the immunomodulating activity of
PLG in an already induced inflammatory state. All physical, biochemical and biopharmaceutical as-
sessments of mesh aerosolised PLG-OMP provided evidence for its potential off-label administration
as a treatment for ARDS patients.

Keywords: ARDS; COVID-19; SARS-CoV-2; C-ARDS; plasminogen; pulmonary delivery; lung
in vitro model; immunomodulating activity
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1. Introduction

Acute respiratory distress syndrome (ARDS) is described as noncardiogenic pul-
monary oedema accompanied by severe lung inflammation, hypoxemia and decreased
lung compliance. Respiratory failure is therefore the consequence of reduced alveolar–
capillary oxygen transfer due to inflammation, vascular microthrombus and hyaline mem-
brane/oedema in the alveoli [1,2].

For ARDS, there is no established gold standard for diagnosis, and it is still unknown
whether the condition is caused by a single pathophysiologic mechanism or a number of
processes with comparable clinical manifestations. As reported in the ATS/ERS criteria,
from a histological point of view, ARDS is characterised by neutrophil infiltration, fluid
in the alveoli and the presence of microthrombus, i.e., the triad of ARDS [3]. Increased
pulmonary microvascular permeability can be brought about by several direct and indirect
lung injuries, allowing protein-rich fluid to enter the alveolar spaces of the lung at normal
hydrostatic pressures.

ARDS is a severe complication of lung injuries such as pneumonia, arising from either
viral, fungus or bacterial infection. Furthermore, whatever the initial lung injury, patients
with ARDS are greatly susceptible to secondary pulmonary infection [4,5]. Despite the
improvement in our understanding of ARDS pathophysiology and treatment, the patient
mortality rate remains extremely high (35–40%) [6]. ARDS can also result from SARS-
CoV-2 infection, which mainly causes endothelial damages. Nearly 75% of COVID-19
patients admitted to intensive care units have thrombotic coagulopathy, and both the
clinical picture and the pathologic results are consistent with occlusive microvasculature.
When ARDS occurs as part of COVID-19, it is called COVID-19-related acute respiratory
distress syndrome (C-ARDS). This new type of severe acute respiratory syndrome meets the
Berlin 2012 ARDS definition, even if it seems to be a disease with different phenotypes [7].
The main distinction between C-ARDS and traditional ARDS is the preservation of the
patients’ respiratory mechanics in the face of severe hypoxemia. Indeed, the severity
of ARDS is significantly associated with the mortality rate of critically ill patients [8],
and recently [9], the significant correlation between hypercoagulation and inflammation
(neutrophil infiltration and activation) was confirmed.

The main goal for treating ARDS is improved oxygenation and ventilation, often com-
bining adjunctive (neuromuscular blocking agents, prone positioning) and pharmacological
therapies [10]. As part of the therapy for the underlying disease (such as shock, trauma,
sepsis, pneumonia, aspiration or burns), mechanical ventilation is critical for resolving
life-threatening hypoxia and needs careful monitoring to avoid overinflation, barotrauma
and cyclic closing/reopening of the alveoli [11]. Despite several clinical trials, few and often
controversial positive results have been obtained. Salbutamol (conventionally applied for
asthma and chronic obstructive pulmonary disease (COPD)) has shown poor tolerability
and has been found to worsen ARDS patient outcomes [12]; simvastatin (an HMG-CoA
reductase inhibitor) has shown no effects on ARDS outcomes [13]; and Interferon β-1a
(inhibits tumour necrosis factor (TNF), exerts antiviral and antiproliferative properties)
has led to no significant reduction in ARDS patient mortality [14]. For C-ARDS patients,
only Favipiravir (anti-viral agent, inhibits the RNA-dependent RNA polymerase of RNA
viruses) and Tocilizumab (humanised anti-human IL-6 receptor antibody) have shown
a significant association with the course of severity of ARDS [15–17]. In contrast, the
effectiveness of corticosteroids in viral ARDS remains controversial [18]. This scenario
evidences an urgent need for a pharmacologically effective ARDS treatment. As such, the
off-label administration of clinically relevant medicines appears to be worth pursuing [19].

Regardless of the initial aetiology, ARDS is characterised histologically by diffuse alve-
olar damage with interstitial and alveolar infiltration of neutrophils and macrophages [20].
The scientific community confirms that thrombolytic activity on fibrin depots in the lungs
could enhance the ventilation–perfusion ratio of ARDS and C-ARDS patients [21]. How-
ever, these treatments are often administered parenterally, which involves a significant risk
of systemic bleeding [22], whereas the inhalation pathway may reduce systemic exposure
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to fibrinolysis and promote a pulmonary loco-regional effect. The endogenous fibrinolytic
system includes plasminogen (PLG) as a key component. PLG is a single-chain plasma
protein (MW 92 kDa); it is the zymogen (inactive form) of the serine protease plasmin
(fibrinolytic enzyme). PLG activators (t-PA and u-PA) convert PLG to plasmin, which
lyses fibrin clots into eliminable products. Additionally, PLG contributes to the regulation
of physiological processes like wound healing and operates as an immunomodulator in
inflammation [23].

This work is part of a project aiming at consolidating the scientific evidence that
supports the clinical pulmonary administration of PLG in ARDS patient. In particular, the
work involves the off-label use of a PLG-based eye drop, namely, a human plasminogen
orphan medicine (PLG-OMP, Orphan Medicinal Product number EU/3/07/461). PLG-
OMP aerosolisation has been preliminary assessed, matching the Ph. Eur. requirements for
a solution for aerosolisation [1]. However, part of the enzymatic activity was lost during
either ultrasonic or jet nebulisation; it was found a limited correspondence between suitable
lung-targeted aerodynamic distribution and activity performance. Since nebulisation
techniques can affect the physical–chemical properties of labile drugs by generating heat
and shear stresses [24] , the hypothesis of the present work is that mesh nebulisation
could provide lower damaging stress but maintain lung-targeted aerodynamic features.
Additionally, no previous pulmonary biopharmaceutical assessment of the zimogen protein
PLG has been reported in the literature. To form the basis for PLG-OMP clinical off-label
administration, a pulmonary biopharmaceutical evaluation is proposed here. Beyond
the enzymatic activity, we also hypothesise that it is possible to take advantage of the
immunomodulating effect of PLG. To verify the latter hypothesis, the nebulised PLG was
tested for the first time on a cellular model of inflammation. The model was developed ad
hoc to simulate the administration of the drug on a pre-established inflamed condition.

2. Materials and Methods

The workflow of the performed studies is reported in Scheme S1 (Supporting Info File).

2.1. Materials

Human plasminogen eye drops 1 mg/mL (PLG-OMP, Orphan Medicinal Product
number EU/3/07/461 in EU and Orphan Designation number 10-3092 in US), Kedrion
S.p.A. (Gallicano, (Lu) Italy). BIOPHEN™ Plasminogen LRT Ref 22151 (HYPHEN BioMed,
Neuville-sur-Oise, France), Human PLG (Plasminogen) ELISA Kit, bicinchoninic acid assay
(BCA), Toluene, Acetone, Citric Acid, Diethylenetriaminepentaacetic acid (DTPA), Egg Yolk
Emulsion, gelatine from bovine skin type B, RPMI amino acid solution and type II mucin
from porcine stomach were purchased from Sigma Aldrich (Milano, Italy). Clioxycarb
O2/CO2 gas 95/5 by mol mixture was purchased from SOL S.p.A. (Monza, Italy). Human
lung adenocarcinoma NCI-H441 epithelial cell line was purchased from the American
Type Culture Collection LGC standards ((ATCC HTB-174), Milan, Italy) and propagated
as indicated by the supplier. The murine macrophage cell line RAW 264.7 was purchased
from the Cell Lines Service (Eppelheim, Germany) and propagated as indicated by the
supplier. Dulbecco’s phosphate-buffered saline (DPBS), fetal bovine serum (FBS), antibiotics
(penicillin/streptomycin), RPMI-1640 medium and Dulbecco’s Modified Eagles Medium
(DMEM) were purchased from Sigma Aldrich (Milan, Italy). Cell proliferation reagent
(WST-1) was provided by Roche diagnostic (Milan, Italy). Insulin-Transferrin-Selenium
(ITS), Dexamethasone, Trypsin-EDTA and Triton X-100 were purchased from Sigma Aldrich
(Italy). Haematoxylin and Eosin were purchased from Fluka (Buchs, Switzerland). Normal
goat serum (NGS), primary antibody for Zonula Occludens-1 (ZO-1), primary antibody
for Occludin, primary antibody for E-cadherin, Alexa Fluor 594 anti-rabbit and Alexa
Fluor 488 anti-mouse were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Hank’s buffer salts solution (HBSS10X) was obtained from Corning, Manassas (VI, USA)
and 1 to ten diluted with deionised water when necessary. Multiplex LEGENDplex Mouse
Macrophage/Microglia Panel Detection was obtained from Biolegend (Campoverde, Italy).
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ProlongTM Diamond Antifade Mountant with DAPI were purchased from Thermo Fisher
Scientific (Waltham, MA, USA).

2.2. Plasminogen (PLG-OMP) Aerosolisation

Aliquots of 5 mL of PLG-OMP were atomised using the Aerogen Solo® mesh nebuliser
(Galway, Ireland). Nebulisation was performed in either air or oxygen-rich conditions by
using 10 L/min flow of compressed air or 95% O2 and 5% CO2 molar mixture (clioxycarb),
respectively. Nebulisation was conducted until no cloud was produced. Atomised samples
were collected by condensation into a glass bioaerosol impinger (0–4 ◦C) [25]. Both the
residual solutions in the nebuliser cup and the collected nebulised aliquots were submitted
to biochemical characterisation (enzymatic activity and electrophoretic SDS-PAGE) and
compared to the untreated PLG-OMP solutions (CTRL).

The presence of protein aggregates or fragments of PLG was evaluated by dynamic
light scattering (DLS—Zetasizer Nano ZS, Malvern Panalytical Ltd., Malvern, UK). Protein
analysis was performed by setting proteins as the material (RI 1.450; Absorption 0.001) and
water as the dispersant (T 25 ◦C; RI 1.330), with a display range of 0.1–6000 and a threshold
of 0.05–0.01. The molecular weight of the main protein peak and its mass percentage
were obtained based on scattering intensity data. Protocol validation is reported in the
Supplementary Information File (Figure S1).

2.3. Maintenance of Enzymatic Activity

A Plasminogen chromogenic kit (BIOPHEN™ Plasminogen LRT, HYPHEN BioMed)
was applied to evaluate the PLG activity maintenance after nebulisation. The assay involves
two reagents: streptokinase (R1) and a chromogenic substrate (R2). The PLG activity is
measured following its specific activation by the addition of streptokinase; the complex
plasminogen-streptokinase cleaves the plasmin-specific substrate SPm41, releasing para-
nitroaniline (pNA) and absorbing at 405 nm. PLG activity was calculated on a calibration
curve built by using untreated PLG-OMP 10–80 µg/mL samples (R2 = 0.9902). A bicin-
choninic acid assay (BCA) was used for the quantification of the protein content (PLG-OMP
calibration curve 5–80 µg/mL; R2 = 0.9997). The maintenance of the enzymatic activity of
the nebulised samples was expressed as reported below, where the reference PLG-OMP
product corresponded to 100% activity.

(%) = 100 × (µg/mL of active protein (Activity Assay))/(µg/mL of total protein (BCA)) (1)

2.4. Protein Characterisation

SDS-PAGE was used to determine the native glutamic acid-plasminogen (Glu-PLG)
and lysine-plasminogen (Lys-PLG). SDS-PAGE was performed under denaturing conditions
with a 4–12% gel (Invitrogen, Carlsbad, CA, USA). PLG samples and home-made PLG
standard were prepared with an LDS sample buffer 4× (Invitrogen) denaturing agent,
followed by 5 min of heat denaturation at 95 ◦C. The gel was loaded with 4 µg of protein
PLG samples, and the electrophoretic run lasted 55 min at 200 volts. The gel was captured
using Chemidoc MP by the ImageLab software Lys-PLG. The results were expressed as
a percentage of the band assigned to Glu-PLG or Lys-PLG in comparison to all bands in
the line.

2.5. Droplet Distribution of Nebulised PLG-OMP

The aerodynamic evaluation of the aerosol clouds was performed by using a glass
twin stage impinger (TSI), according to European Pharmacopoeia X ed., 2.9.18 Apparatus
A procedure [26]. The B portion of the impinger was connected to the T-piece junction of
the mesh nebuliser and a mechanical pump (Edwards RV5, Irvine, CA, USA) provided
60 L/min air flow. Fine droplets were captured between the TSI and the pump on a
propylene filter (low resistance filter, PARI) and a cold trap. The upper and lower chambers
of TSI were filled with 7 mL and 30 mL of 0.2 µm filtered Milli-Q water, respectively. PLG-
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OMP (5 mL) was placed into the nebuliser cup. Before each nebulisation, 60 ± 5 L/min
flow were guaranteed at the inlet to the throat, as measured with a flow meter (Brooks
Instrument, Hatfield, PA, USA). The pump was started and, after 10 s, the nebuliser as well.
At the end of nebulisation, the upper and lower stage solutions were collected individually
and then washed with Milli-Q water. The collected protein was quantified by BCA. The
procedure was repeated six times. The results for each of the two parts of the apparatus
were expressed as a percentage of the total amount of active substance.

2.6. Penetration of Aerosolised PLG through Artificial Mucus

An in vitro mucus model was set, as reported by Costabile et al. 2016 [27]. The first to
propose this composition was Ghani et al. [28], who developed a simulated mucus based
on patients’ sputum. Briefly, 1 mL of gelatine solution (10% w/v) was placed in each well
of a 24-well plate, hardened at room temperature and stored at 4 ◦C until use. The artificial
airway mucus was prepared by adding 250 µL of sterile egg yolk emulsion, 250 mg of
mucin, 0.295 mg DTPA, 250 mg sodium chloride, 110 mg potassium chloride and 1 mL
of RPMI to 50 mL of water [29]. Then, 1 mL of artificial mucus was placed on each of
the hardened gelatine gels. PLG-OMP was directly nebulised for 30 s on each artificial
mucus sample, and the plates were incubated maintaining 100% relative humidity so as to
simulate a wet environment. At regular time intervals, the artificial mucus was withdrawn
and separated from the gelatine gel. The PLG content in the gelatine and artificial mucus
was quantified by specific Human PLG ELISA assay (Sigma-Aldrich).

2.7. Biological Investigation

In vitro biological evaluations were conducted on lung epithelial NCI-H441 cell line
and on macrophage RAW 264.7 cell line. NCI-H441 cells were grown in RPMI-1640 medium
(RPMI) with 1% pen/strep and 10% FBS at 37 ◦C in a 5% CO2 atmosphere, while RAW
264.7 cells were grown in Dulbecco’s Modified Eagles Medium (DMEM) with 1% pen/strep
and 10% FBS at 37 ◦C in a 5% CO2 atmosphere.

2.7.1. PLG Permeability across an In Vitro Model of Pulmonary Epithelium
Cytotoxicity Screening on NCI-H441 Cells by Tetrazolium Salts Assay (WST-1)

Cell viability studies were carried out on the NCI-H441 cell line in 96-well plates using
the WST-1 test [30]. The cells were seeded in 96-well plates (4 × 104 cells/well). After
24 h, the culture medium was removed and replaced with test samples (PLG-OMP in the
range of 4–900 µg/mL). After 4 h of incubation, media were removed, cells were washed
twice with PBS and tetrazolium salt WST-1 (1/10 in medium) was added. The produced
formazan was quantified after 4 h incubation at 450 nm with a microplate reader (BioTek
800/TS, Thermo Scientific, Walthman, MA, USA). Finally, the half-maximal inhibitory
concentration (IC50) was determined.

In Vitro Air–Liquid Interface (ALI) Model

NCI-H441 cells were seeded onto a Transwell® insert (2.5 × 104 cells/well), and 600 µL
of full medium was added into the basolateral chamber. After 48 h, the apical medium was
removed (100 µL), leaving the apical surface of the cells exposed to air (air–liquid culture)
while that of the basolateral chamber was replaced with cell medium containing 1% insulin
transferrin selenium (ITS) and 200 nM dexamethasone. Cell monolayer formation was
monitored by measuring the transepithelial electrical resistance (TEER) using a voltmeter
with rod electrodes (Voltmeter Millicelles-ERS, Millipore, Molsheim, France). Monolayer
formation and differentiation were verified by microscopy analysis of haematoxylin/eosin-
stained samples and immunofluorescence analyses. For haematoxylin/eosin staining, the
monolayers were washed with deionised water for 5 min, then haematoxylin (0.7% w/v,
sodium iodate, aluminium ammonium sulphate 12 H2O) was added and the mixture was
incubated for 5 min. After washing with water, the samples were treated for 2 min with
eosin (0.5% w/v in acidified 90% ethanol) for cytoplasm staining. Immunofluorescence
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staining of adhesion molecules, i.e., Zonula occludens-1 (ZO-1), E-cadherin and Occludin,
was performed [31]. NCI-H441 monolayers were first fixed with 3.8% paraformaldehyde
in PBS 1× for 1 h, treated with PBS 1×//Triton X-100 solution (0.2% v/v) for 15 min and
blocked with normal goat serum (NGS, 1% w/v in PBS 1×) for 30 min. Anti-E-cadherin
(1:100 in NGS), anti- ZO-1 (1:500) and anti-Occludin (1:50 in NGS) were applied separately
on individual monolayer samples and incubated overnight at 4 ◦C. After washing with
NGS solution (1% w/v in PBS 1×), samples were incubated for 2 h in the dark with
the secondary antibody. Finally, samples were mounted on slides (ProlongTM Diamond
Antifade Mountant with DAPI, Thermo Fisher Scientific). The samples were observed with
a fluorescence laser scanning microscope (Nikon Eclipse Ts2R, Tokyo, Japan) using the
following wavelengths: E-cadherin and Occludin λex 499 nm/λem 519 nm, λex 591 nm/λem
618 nm for ZO-1 and λex 345 nm/λem 455 nm for nuclei (DAPI).

Assessment of Nebulised PLG Permeation through ALI Monolayer

Firstly, a cytotoxicity evaluation was performed. PLG-OMP was nebulised for 30 s
directly on the apical portion of the NCI-H441 monolayers (n = 3) (Figure 1). The deposited
PLG corresponded to 30.0 ± 0.06 µg of protein. Nebulised samples were then incubated
for 2 h with 600 µL of HBSS 1×, placed in the basolateral chamber. At the end of the
incubation time, the monolayers were rinsed with PBS 1×, and tetrazolium salt WST-1
(1/10 in medium) was added. The formazan produced was quantified at 450 nm.
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For permeation experiments, PLG-OMP was nebulised for 30 s on NCI-H441 ALI
monolayers (n = 16) and then incubated with 600 µL of HBSS 1× in a basolateral chamber.
At regular time intervals (30, 60, 90, 120 min), the HBSS was withdrawn and the permeated
plasminogen was quantified by PLG ELISA assay (Sigma-Aldrich). Apparent permeability
(Papp) was calculated from the linear correlation observed on a cumulative concentrations
vs. time plot:

Papp = ((dC/dt)V)/(AC0), (2)

where dC/dt is the line slope, V is chamber volume, A is the monolayer area and C0 is the
PLG concentration in PLG-OMP. The experiment was performed under sink conditions.

2.7.2. Immunomodulating Activity of Nebulised PLG

At first, cell viability studies were carried out on the RAW 264.7 cell line. Cells were
seeded in 24-well plates at 106, 6.5 × 105 and 5 × 105 cells/well for cytotoxicity studies
at 6, 18 and 24 h respectively. Then, 24 h after seeding, the culture medium was removed
and replaced with test samples, either 5–20–50 µg/mL of PLG or 1 µg/mL LPS. After
incubation, media were removed, and tetrazolium salt WST-1 (1/10 in medium) was added
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after washing with PBS 1×. The formazan produced was quantified at 450 nm with a
microplate reader. Preliminary RAW 264.7 activation assays were performed using LPS in
the range of 0.2–1 µg/mL. Cells (5 × 105) were seeded in 24-well plates and left to proliferate
for 24 h prior to the incubation with LPS samples, which lasted a further 24 h. At the end
of the incubation time, the supernatant was collected and analysed using the LEGENDplex
Mouse Macrophage/Microglia Panel Detection multiplex system (Campoverde, Italy) for
TNF-α, IL-1β and IL-6 quantification.

The evaluation of the maintenance of PLG immunomodulatory activity was performed
as follows. RAW 264.7 cells were seeded in 24-well plates (106 cells/well) and left to
proliferate for 24 h at 37 ◦C, 5% CO2. The cells were incubated with LPS (0.2 µg/mL).
After 6 h, PLG (5 µg/mL) and the nebulised PLG collected on a glass bioaerosol impinger
(5 µg/mL) were added and incubated for additional 18 h. Cells treated with medium and
with LPS only (0.2 µg/mL) were used as the negative and positive controls, respectively.
At the end of the incubation time, the supernatant of each sample was collected and
centrifuged at 300× g for 10 min at 4 ◦C. The obtained supernatants were evaluated for
TNF-α, IL-1β and IL-6 quantification (LEGENDplex Mouse Macrophage/Microglia Panel,
Campoverde, Italy). Data were normalised according to the total protein content. Cells
were lysed with 100 µL of Ripa buffer, kept for 30 min at 4 ◦C under agitation and then
centrifuged at 1000× g for 10 min. The supernatant was collected, and the total protein
content was determined by BCA assay. Bovine serum albumin (BSA) was used as the
standard for the calibration curve (2–100 µg/mL; R2 = 0.9994).

2.8. Statistical Analysis

All the experiments were performed at least six times unless otherwise specified.
Data are means ± SEM. The statistical significance between groups was determined by
one-way ANOVA for paired samples, followed by Tukey–Kramer post hoc test. A p < 0.05,
0.001 < p < 0.01 and p < 0.001 were considered significant, very significant and extremely
significant, respectively.

3. Results
3.1. PLG Aerosolisation under Air or Oxidising Condition

The nebulisation of 5 mL of PLG-OMP was nearly complete, with only a small amount
of lather on the device walls, corresponding to 0.146 ± 0.003 mg of undelivered protein.
The aerosolisation took 26.8 ± 6.3 min at a flow rate of 0.19 ± 0.04 mL/min, in agreement
with the user manual of Aerogen® SoloTM. Furthermore, the collected nebulised samples,
obtained under both air and oxygen conditions, showed no protein aggregates, with more
than 98% of PLG remaining in its monomeric form (Figure S2, Supplementary Information
File) and a calculated MW of 99.6 ± 3.7 KDa (nebulised in airflow) and 99.6 ± 5.2 KDa
(nebulised in oxygen flow), in agreement with PLG-OMP data (MW 93.9 ± 4.2 kDa)
tabulated MW (92 KDa) [32]. Concerning the enzymatic activity, it was unaffected by mesh
nebulisation in air, with a percentage of activity maintenance of 93.8% ± 11.5 with respect
to untreated PLG-OMP. In contrast, the presence of oxygen flow affected the activity of
the protein, resulting in 59.4% ± 15.9 of activity maintenance with respect to untreated
PLG-OMP.

In the aerosolised clouds, the distribution of the two isoforms, Glu-PLG and Lys-PLG,
was assessed by SDS-PAGE. PLG-OMP is mainly composed of the natural glycoforms
of plasminogen, Glu I and Glu II, having glutamic acid as the first amino acid in the
chain (Glu-PLG). Lys-PLG is the most common shortened version of PLG, missing the first
77 amino acids and having lysine as the first amino acid of the chain. Lys-PLG is regarded
as a product impurity or an undesirable pre-activation form. The Glu-PLG migrates as
two distinct bands corresponding to the two glycoforms: Glu I and Glu II; if present, the
Lys-PLG is seen as two separate distinct bands, Lys I and Lys II, derived from Glu I and
Glu II, respectively. The replicates were run on gel and compared to standards (Figure S3
in the Supplementary Information File). The percentage of protein bands related to Lys-
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Plasminogen was found to be 0% in all examined samples, whereas the bands of Glu-PLG
forms were not altered for all samples (Table 1).

Table 1. SDS-PAGE investigation: percentage distribution of glycoforms Glu-I, Glu-II, Lys-I and
Lys-II in nebulised PLG-OMP collected in a glass bioaerosol impinger under air (Neb PLG air) and
oxygen (Neb PLG ox) currents. The samples (n = 4) were compared to untreated PLG-OMP (CTRL)
and standards (STD Glu PLG, STD Lys PLG).

Samples
BAND% ± SD%

Glu-I Glu-II Lys-I Lys-II

STD Glu PLG 66 35 - -
STD Lys PLG - - 62 38

CTRL 65 35 - -
Neb PLG air 64 ± 4.5 36 ± 7.9 - -
Neb PLG ox 59 ± 8.8 39 ± 10.3 - -

An aerodynamic assessment of the fine particles in the PLG-OMP aerosol cloud was
performed using a glass impinger apparatus [26] and by dosing the PLG impacting in
each TSI component by BCA assay. Most of the nebulised protein, corresponding to
90.5% ± 14.6 of the total delivered dose, impacted the lower impinger stage. Beyond the
ordinary aerodynamic particle cut-off size of 6.4 µm between the two stages [33], the TSI
components can be divided into sub-regions correlating to specific tracts of the respiratory
tree, such as oral cavity, pharynx and larynx of the upper respiratory tract, bronchi and the
entire targeted lung area (lower respiratory tract) [34]. By adopting such a distribution, the
delivered PLG could be portioned into percentages of protein impacting specific respiratory
portions (Table 2). As expected, the highest amount of protein was found in the portion
corresponding to lung.

Table 2. Nebulisation of 5 mL of PLG eye drops using Aerogen® SoloTM and air flow 10 L/min:
percentage distribution of nebulised PLG in TSI portions according to the simulation of the respira-
tory tract.

Simulation of the Nebulised Protein Distribution

TSI Portion % ± SD

Junction (T-piece) 11.5 ± 9.7
Throat 0.2 ± 0.2

Lower respiratory tract 80.8 ± 5.7
Exhaled 10.2 ± 9.2

3.2. Aerosolised PLG Mobility in Simulated Mucus

To evaluate the tendency of PLG to diffuse through airway mucus, PLG-OMP was
directly nebulised on an in vitro model consisting of a layer of artificial mucus deposited
on solid gelatine [35]. As reported in Figure 2, PLG progressively diffused from the upper
mucus layer to the lower gelatine gel, reaching a cumulative 20% value after 5 h (p < 0.05).
The plasminogen was then distributed homogenously in the artificial mucus layer, passing
for 1/5 in the gel layer below.
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Figure 2. Diffusion kinetics of nebulised PLG in artificial mucus on a gelatine layer. PLG-OMP was
deposited on the air side of the mucus layer, and every hour, both mucus and gelatine were treated
to quantify the PLG content (ELISA). The diffusion percentage corresponds to the amount of PLG
reaching the gel layer underneath.

3.3. PLG Permeability across a Monolayer

Firstly, cytotoxicity screening was performed on the NCI-H441 cell line. Exposing it
to different PLG-OMP concentrations (4–900 µg/mL) showed an inhibiting concentration
(IC50) corresponding to 58.4 µg/mL (Figure 3). Untreated cells were used as the control.
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Figure 3. Cytotoxicity screening performed on NCI-H441 cells, exposed to PLG-OMP in the
4–900 µg/mL PLG concentration range. The values indicated in the figure are means ± SD (n = 8).

NCI-H441 cells are frequently used in drug disposition studies due to their ability
to form confluent monolayers of polarised cells with high TEER [36]. The NCI-H441
monolayer was obtained in 8 days, as demonstrated by the TEER values. TEER was
monitored from day 4 to day 12. An increase of the values was noticed, which then
stabilised at around 600 Ω on the 8th day; the values then remained stable until the 11th
day, and finally decreased on the 12th day (Figure S4a). Staining with haematoxylin/eosin
was performed in order to evaluate the confluence of the cell monolayer. It was seen that at
7 days of culture, the cells were not yet able to form a complete monolayer (Figure S4b in the
Supplementary Information File), while at 8 days of culture, the cells completely covered
the surface of the Transwell® filter (Figure S4c). Furthermore, with prolonged culture
times (10 and 12 days), the formation of a cell multilayer was observed (Figure S4d,e in the
Supplementary Information File). In order to confirm cell differentiation by the presence
of tight junction expressions, immunofluorescence was performed at 8 days of culture on
NCI-H441 cultured in ALI conditions. A specific perimeter localisation of ZO-1, E-cadherin
and Occludin expression, associated with cell differentiation, was observed (Figure S5).
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PLG-OMP was directly nebulised on the ALI monolayer as a preliminary evaluation.
The monolayer was placed in the second chamber of the TSI to collect the inhalable PLG
droplets. However, the nebulisation time required to impact a measurable amount of
PLG-OMP was too long, compromising the stability of the monolayer (data not displayed).
As such, the direct PLG-OMP nebulisation on the Transwell® (Figure 1) was preferred.
The biocompatibility of PLG-OMP directly nebulised on the ALI monolayer for 30 s was
preliminarily verified (Figure S6 in the Supplementary Information File). The maintenance
of TEER values over 600 Ω confirmed the integrity of the monolayer after PLG-OMP
nebulisation and throughout the entire permeation experiment.

The permeation assay was carried out by nebulising PLG-OMP for 30 s (corresponding
to 30.0 ± 0.06 µg of deposited protein) on each monolayer. PLG permeation was monitored
using a specific Human PLG ELISA assay. A slow but progressive increase of PLG concen-
tration was observed in the basolateral chamber, reaching a cumulative value of 26 ng after
two hours, corresponding to 0.08% of the total deposited protein (Figure 4). The apparent
permeability (Papp) of PLG across the monolayer was calculated as 3.82 × 10−9 cm/s.
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Figure 4. Permeation kinetics of nebulised PLG through the NCI-H441 ALI monolayer over time.
PLG-OMP was directly nebulised on an in vitro model of the human alveolar epithelium [31]. At
regular time intervals (30, 60, 90 and 120 min), the HBSS medium from the basolateral chamber was
withdraw, and the PLG concentration was then determined by specific ELISA assay.

3.4. Maintenance of PLG Immunomodulatory Activity

A preliminary cell viability study performed on the RAW 264.7 cell line showed the
absence of cytotoxicity for each PLG tested concentration, as well as for LPS 1 µg/mL
(Figure S7 in the Supplementary Information File). Firstly, the LPS concentration screening
(0.2–1 µg/mL) evidenced that the minimum concentration capable of stimulating the
production of cytokines during 24 h incubation was LPS 0.2 µg/mL (Figure S8 in the
Supplementary Information File). It was noticed that the TNF-α concentration values
were not affected by increasing LPS concentration, resulting in a plateau. Differently, a
dose–response relationship was evident for IL-6. An LPS concentration of 0.2 µg/mL, i.e.,
the lowest tested concentration capable of stimulating the macrophage cell line, was thus
adopted for further studies.

RAW 264.7 cells were treated with LPS (24 h) and the nebulised PLG, collected on
a glass bioaerosol impinger, was added 6 h post LPS addition. LPS alone and LPS with
PLG-OMP eye drops (not nebulised) were used as a reference. From the results (Figure 5), it
was observed that both PLG-OMP and the nebulised PLG-OMP reversed the effects of LPS
activation by reducing the expression of pro-inflammatory cytokines IL-1β, IL-6 and TNFα.
Notably, for IL-1β, both the nebulised product and PLG-OMP treatments significantly
reduced its release (IL-1β 0.006 pg/µg and 0.003 pg/µg, respectively), compared to the
positive control (IL-1β value of 0.016 pg/µg) (Figure 5a). Moreover, it was found that the
nebulised product and PLG significantly decreased IL-6 secretion compared to the positive
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control (IL-6 values of 4.6 pg/µg and 3.07 pg/µg, respectively as compared to 7.6 pg/µg)
(Figure 5b). The release of TNF-α from activated macrophages treated with either the
nebulised product or PLG-OMP was also significantly affected, resulting in 41.9 pg/µg and
46.9 pg/µg, respectively. Those values were lower than what was recorded for the positive
control (61.7 pg/µg) (Figure 5c).
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Figure 5. Maintenance of an immunomodulating effect on RAW 264.7 cells of nebulised PLG-
OMP: assessment of pro-inflammatory cytokine secretion induced by 24 h stimulation with LPS
(red), stimulated with LPS for 24 h and treated with either nebulised PLG-OMP (blue) or PLG-
OMP (yellow). PLG NEB: aerosol cloud collected in a bio-impinger. PLG: untreated eye drops.
(a) Expression of IL-1β, *** p < 0.001 vs. PLG NEB and PLG; (b) expression of IL-6, * p < 0.05 vs. PLG
NEB, ** 0.001 < p < 0.01 vs. PLG; (c) expression of TNF-α, ** 0.001 < p < 0.01 vs. PLG NEB and PLG.
Data were normalised in relation to the total protein concentration and expressed as pg of cytokine
per µg of protein.

4. Discussion

Pulmonary delivery of PLG, through the off-label administration of PLG-OMP eye
drops, has been considered as a possible therapy for C-ARDS patients [1]. During the
COVID-19 pandemic, several drugs acting on the coagulopathy aspect of the disease
were investigated. Mostly, heparin or tissue plasminogen activator/streptokinase were
adopted under conventional routes of administration (sc. or i.v.), but a few researchers
also considered the inhalation route. Due to pandemic resolution, study NCT04842292 [37],
on nebulised heparin for COVID-19-associated Acute Respiratory Failure, terminated
due to a lack of enrolment, whereas INHALE-HEP (NCT04723563) [38] was completed,
although no results have been made available yet. Previous studies of patients with serious
breathing problems due to pneumonia and other conditions found that nebulised heparin
reduced the formation of small blood clots in the lungs, reduced the amount of injury to
the lungs and hastened recovery, allowing patients to return home more quickly [39,40].
In 2019, a randomised controlled trial on nebulised streptokinase versus unfractionated
heparin was conducted on patients with ARDS [41]. The study concluded that inhaled
streptokinase could serve as rescue therapy in patients with severe ARDS. The therapy
was found to improve oxygenation and lung mechanics more quickly than heparin or
conventional management.
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From a pharmaceutical technology perspective, nebulising a protein solution requires
the monitoring of protein stability, the determination of droplet distribution and verifi-
cation of activity maintenance. The generation of an aerosol exposes solutions and their
components to physical stresses, often inducing protein unfolding and thermal degrada-
tion [42]. It is surprising that despite the presence of literature evidence of the effective
clinical administration of nebulised proteins, reported descriptions of the used nebulisation
devices have been poor. More efforts to indicate the most suitable administration setting
in terms of the nebulisation device would improve the bench to bed translation of new
medicines and off-label applications of already marketed ones. In a previous work, the
jet and ultrasonic aerosolisation of PLG-OMP resulted in a significant loss of enzymatic
activity. Only when the jet aerosolisation was set to the lowest air pressure, it was possible
to preserve 89.8% of PLG proteolytic activity. However, the median diameter value (dv(50))
resulted 9.2 ± 1.0 µm, which is not suited for pulmonary delivery [1]. Vibrating-mesh
nebulisers, like the Aerogen® SoloTM, employ perforated plates that vibrate to generate
aerosols. Several studies have shown that no significant heat develops during atomisation,
and the provided shear stress is lower than that of jet nebulisers. These devices are gen-
erally useful for delivering labile molecules, such as proteins [43]. In the present study,
the mesh nebulisation of PLG-OMP was effective in preserving the chemical and physical
features of PLG. Analyses of the protein in the collected clouds evidenced the maintenance
of PLG in its monomeric form, with production of neither aggregates nor fragments, as
demonstrated by DLS evaluations (Figure S2 in the Supplementary Information File). More-
over, the Glu-PLG glycoforms were maintained, with no cleavage to Lys-PLG (Table 1).
The absence of Lys-PLG in aerosolised samples confirms the stability of PLG following
mesh nebulisation. Regarding protein activity maintenance, it was totally preserved under
normal aerosolisation conditions. Assuming that in cases of critical patient conditions,
the off-label administration of PLG-OMP could occur in the presence of oxygen supply,
the aerosolisation of PLG-OMP was also performed under an oxygen gas flow [44]. The
nebulisation of PLG-OMP in the presence of oxygen led to significant decrease of PLG en-
zymatic activity (activity maintenance of 59.4% was recorded). Proteins are highly sensitive
to oxidation, notably due to the modification of sulphur-containing amino acids Cys and
Met, aromatic amino acids Trp, Tyr and Phe, as well as His, Pro, Lys and Arg [45]. The
effect of oxidation depends on the oxidising stimuli and on the protein structure, varying
from an effect on protein folding to the fragmentation of the sequence [46]. According to
our DLS analysis, the protein was neither significantly aggregated nor fragmented, and
the SDS-PAGE investigation evidenced no change in the PLG isoform distribution. Thus,
the loss of activity may be attributed to the oxidative impact of oxygen on amino acid
residues [47] essential for the enzymatic activity of PLG; however, the sequencing of the
protein to define which amino acids are involved is beyond the scope of the present paper.

Aerosolised PLG showed an optimal in vitro deposition profile, with approximately
90% of the active ingredient impacting in the lower portions of the impinger. Under the Ph.
Eur. setting, i.e., using a flow rate of 60 L/min through the impinger, the particle cut-off
between upper and lower impingement chambers was 6.4 µm, indicating that particles
smaller than 6.4 µm passed into the lower compartment [33]. The collected data are in
agreement with previous reports on Aerogen® SoloTM mesh nebulisation, which describe
mass median aerodynamic diameters of 4.4 µm and 2.7 µm for Aerogen® SoloTM and
Aerogen® SoloTM with a T-piece device, respectively [48–50]. The results confirm that the
clouds provided by these devices mainly impact the lower TSI compartment, suggesting
the suitability of this approach for lung delivery in in vivo administration [34].

Two main aims of the future pulmonary administration of PLG are to take advantage
of its loco-regional fibrinolytic action and to limit adverse effects due to systemic adminis-
tration. To this end, airway mucus should not represent a barrier to PLG mobility, and PLG
systemic absorption through alveolar permeation should be limited.

The mobility of nebulised drugs in artificial mucus is usually tested to verify that the
layer of mucus that covers the respiratory epithelium does not represent a real physical
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barrier. The observed time-dependent transport of PLG through the simulated mucus
suggested its homogeneous distribution toward the bronchoalveolar epithelium. The
mobility observed for nebulised PLG was in agreement with literature reports, falling
in between nanosized carriers, displaying about 5% penetration after 6 h [35], and small
molecule drugs, reaching about 70% after 5 h [27].

The immortalised human lung adenocarcinoma cell line NCI-H441 (ATCC HTB-174),
comprising epithelial lung distal cells, was selected in this study for biological evalua-
tions [51]. The NCI-H441 cell line is frequently used in drug disposition studies due its
ability to form confluent monolayers of polarised cells with high TEER [36], making it a
valid in vitro model for permeation studies [31,51]. The permeability obtained for PLG
(Papp 3.82 × 10−9 cm/s) is coherent with the Papp values determined for macromolecules
with analogous molecular weights [36]. Low permeability of inhaled drugs is needed to
extend their residence time in the lung, subsequently diminishing their diffusion through
the lung epithelium toward the systemic circulation [52]. Thus, the low Papp value and
the low amounts of PLG recovered in the basolateral chamber suggest a limited systemic
absorption in vivo, supporting a hypothesised loco-regional enzymatic action.

Due to its main role as a zymogen of plasmin, PLG is closely associated with fibrinoly-
sis, but PLG, its activators and its receptors play roles in various inflammation regulatory
processes [53]. From this viewpoint, PLG administration could also help in the resolu-
tion of the severe lung inflammation that is typical of ARDS by direct interaction with
macrophages. Macrophages have the ability to change into different phenotypes during
inflammation, with a timely M1–M2 progression accompanying the inflammatory phases
and resolution. M1 macrophages are involved in the beginning of inflammation and are
responsible for inflammatory signalling, while M2 macrophages produce anti-inflammatory
cytokines, thereby contributing to tissue healing [54]. Vago et al. [55] reported that the PLG
receptors that are exposed on the macrophage cell surface bind plasminogen to enhance
plasminogen activation. PLG and PLG receptors regulate key steps in the resolution of
inflammation by affecting monocyte/macrophage migration, reprogramming macrophages
toward an M2-like phenotype and reducing pro-inflammatory cytokine release.

LPS stimulation of RAW 264.7 macrophage cell line is generally applied as an in vitro
model of inflammation [54,56], and LPS stimuli is also applied for in vivo ARDS animal
models [57]. To simulate the in vivo effect of PLG treatment in an already induced inflam-
matory state, RAW 264.7 cells were treated with LPS for 24 h, but PLG was applied 6 h
post LPS addition. Under the set conditions, PLG and LPS were simultaneously present
for 18 h. It is known that LPS increases the production of urokinase-type plasminogen
activator (uPA) in RAW 264.7 cells through the uPA core promoter domain [58]. uPA con-
verts PLG into plasmin, and the plasmin produced can activate plasminogen/plasmin and
plasmin/protease-activated receptor (PAR)-1 to modulate the inflammatory condition [59].
As reported in Figure 5, nebulised PLG treatment significantly reduced the production
of relevant inflammatory mediators such as IL-1β, IL-6 and TNF-α in LPS-stimulated
macrophages. Concerning the expression values of the investigated cytokines, striking
differences were observed for TNF-α expression compared to those of IL-6 and IL1-β.
According to the literature, the stimulus of LPS causes an immediate release of TNF-α,
while IL-6 reached a peak after 6 h, mediated by TNF-α rather than LPS directly, indicating
a cascading pattern after LPS stimulation in RAW 264.7 macrophages. This phenomenon
may support the obtained results, where TNF-α showed elevated concentrations with
respect to IL-6 [60]. Notably, the immunomodulating effect of PLG was evident for all
tested cytokines and was preserved in the nebulised product. In addition, using human
plasminogen minimises the risk of an immune response to non-human proteins, which
could cause severe asthma/anaphylactic reactions when inhaled.
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5. Conclusions

PLG-OMP mesh nebulisation effectively produced inhalable droplets for lung delivery
of active PLG. In vitro investigations suggested a good safety profile of inhalable PLG,
excluding high systemic absorption but indicating good mucus diffusion. The delivered
protein maintained both its enzymatic activity and immunomodulating effect toward
macrophages, which were activated by LPS inflammatory stimuli. All physical, biochemical
and biopharmaceutical assessments of mesh aerosolised PLG-OMP are evidence for the
potential of its off-label administration as treatment for ARDS patients. The locoregional
deposition of PLG could provide fibrinolytic and anti-inflammatory actions, contributing
to ARDS treatment. In vivo animal assessment represents the next step and will provide
additional knowledge on PLG-OMP efficacy and dose correlations. Due to the simplicity
of the PLG-OMP formulation (it is an eyedrop solution), the protein results susceptible
to oxidation when the administration in oxygen current was simulated . Thus, in view
of future clinical application, the concomitant administration of PLG-OMP aerosol and
oxygen is discouraged, as it may result in a significant loss of enzymatic activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15061618/s1. Scheme S1. Workflow of the study.
Protocol validation for protein aggregates and fragments [32,61,62], Figure S1. Correlation graph
of Debye analysis, Figure S2. Protein Size distribution, Figure S3. SDS-PAGE assay, Figure S4.
Micrograph of NCI-H441 cell monolayers, Figure S5. Representative fluorescence microscopy images
of NCI-H441 cell ALI monolayers. Figure S6. Monolayer viability, Figure S7. Cell viability of RAW
264.7 cells at 6, 18 and 24 h, exposed to 5–20–50 µg/mL of PLG-OMP and LPS 1 µg/mL, Figure S8.
Cytokines production by RAW 264.7 cells stimulated with different concentrations of LPS (0.2, 0.5,
0.8 and 1 µg/mL).
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Abstract: Delivering vaccines to the posterior nose has been proposed to induce mucosal immuniza-
tion. However, conventional nasal devices often fail to deliver sufficient doses to the posterior nose.
This study aimed to develop a new delivery protocol that can effectively deliver sprays to the caudal
turbinate and nasopharynx. High-speed imaging was used to characterize the nasal spray plumes.
Three-dimensional-printed transparent nasal casts were used to visualize the spray deposition within
the nasal airway, as well as the subsequent liquid film formation and translocation. Influencing
variables considered included the device type, delivery mode, release angle, flow rate, head position,
and dose number. Apparent liquid film translocation was observed in the nasal cavity. To deliver
sprays to the posterior nose, the optimal release angle was found to be 40◦ for unidirectional delivery
and 30◦ for bidirectional delivery. The flow shear was the key factor that mobilized the liquid film.
Both the flow shear and the head position were important in determining the translocation distance.
A supine position and dual-dose application significantly improved delivery to the nasopharynx,
i.e., 31% vs. 0% with an upright position and one-dose application. It is feasible to effectively deliver
medications to the posterior nose by leveraging liquid film translocation for mucosal immunization.

Keywords: nasal spray; liquid film translocation; supine position; wall liquid-holding capacity;
nasopharynx; mucosal immunization

1. Introduction

Respiratory infectious diseases often enter the human body through the nose. SARS-
CoV-2 preferentially binds to the ACE2-rich tissue cells in the posterior nose. Coronavirus
can quickly replicate in the nasal mucosa, which has made it a frequent sampling site
(i.e., for nasal swabs) in COVID-19 screening. Evidence has shown that viral binding and
replication start in ciliated epithelial cells after being infected with virus-laden aerosols,
and this process can last for 3~14 days without obvious symptoms [1]. The binding affinity
between the coronavirus’ S-protein and angiotensin-converting enzyme 2 (ACE2) is the
crucial factor for viral transmission, while ACE2 is highly populated in nasal epithelial
cells [2]. Lee et al. [3] mapped the distribution of subcellular ACE2 in human nasal
epithelium. They observed the highest expression of ACE2 in ciliated epithelial cells and
in descending order in goblet, club, and suprabasal cells. Moreover, the goblet cell in
the nose is one of the three verified entry locations for SARS-CoV-2, which needs two
coexisting proteins: ACE2 and type II transmembrane serine protease (TMPRSS2) [4,5]. The
anterior one-third of the nose is lined with the stratified squamous epithelium, while the
posterior two-thirds of the nose and nasopharynx are lined with mucus-producing goblet
cells, columnar ciliated cells, and the suprabasal membrane [6].

Nasal sprays have been frequently used to administer influenza vaccines [7]. The
elevated concentration of ACE2 in the posterior nose indicates that intranasal vaccines need
to be dispensed to the posterior two-thirds of the nose and nasopharynx to be efficacious in
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eliciting mucosal immunization [8,9]. However, conventional nasal sprays fail to deliver
drugs to the caudal turbinate and nasopharynx. Due to the geometrical complexity, most
of the applied doses are deposited in the nasal vestibule and nasal valve, with only a small
fraction passing the nasal valve filtration and reaching the turbinate region [10–13]. Many
factors can contribute to the low doses in the posterior nose, for instance, spray properties,
breathing conditions, the delivery method, and the nasal physiology [14]. Nasal spray
properties that influence intranasal dosimetry include, but are not limited to, the spray
discharge velocity, aerosol mean diameter and distribution, spray plume angle, release
angle to the nostril, applied dose, and number of applications. The mean diameter of
nasal spray droplets is much larger than those of nebulizers and metered dose inhalers,
which range between 20 and 300 µm and whose deposition is predominantly governed
by inertial impaction [15]. Cheng et al. evaluated the dose distributions from various
nasal pumps in nasal casts reconstructed from magnetic resonance imaging (MRI) [16].
They found that wide plumes and/or large droplets give rise to higher deposition in the
anterior nose, whereas narrow plume angles and/or small droplets enhance delivery to
the turbinate region. Kundoor and Dalby studied the effects of the spray release angle in
the range of 0◦–90◦ with an increment of 15◦ [17]. The optimal release angle was found
to be 60◦ in delivering the sprays to the middle turbinate. Liquid film translocation can
also affect the dosimetry distribution because a liquid film can form, grow, and move from
the accumulation of deposited droplets. It has been shown that liquid film translocation
can substantially enhance the dosing to the olfactory cleft by adopting a head-to-floor
position [18]. To achieve optimal protection against COVID-19 infection, a nasal device that
can effectively deliver high doses of nasal sprays to the posterior nose is needed [19–25].

The objective of this study was to develop a method that can effectively deliver
nasal sprays to the caudal turbinate and nasopharynx for mucosal immunization against
infectious respiratory diseases. Various delivery parameters were tested in an image-based
nasal airway model to understand the mechanisms underlying the liquid film translocation
and identify the optimal delivery protocol. Specific aims included the following:

(1) Visualize the spatiotemporal development of the nasal sprays from different devices
using a high-speed camera.

(2) Visualize the liquid film translocation in the nose with unidirectional delivery for
various administration angles, head positions, and inhalation flow rates.

(3) Visualize the liquid film translocation with bidirectional delivery for various adminis-
tration angles, head positions, inhalation flow rates, and the number of applications.

(4) Quantify the nasal spray deposition in the front nose, turbinate, and nasopharynx.
(5) Compare the performances among test cases and identify the optimal combination of

the nasal device, delivery method, administration angle, inhalation flow rate, head
position, and number of spray applications.

2. Materials and Methods
2.1. Study Design

Nasal spray delivery can be influenced by a variety of parameters (i.e., device, drug,
patient, device, administration, and formulation related), and no individual parameter
is universally accepted as a predictive index for the dosimetry distribution within the
nasal cavity, making in vitro testing a necessity in studying nasal spray dosimetry. To
evaluate the feasibility of delivering clinically significant doses to the posterior nose, the
nasal dosimetry sensitivity to key influencing factors was tested in this study, including
nasal devices, the delivery method, the administration angle, the inhalation flow rate, the
head position, and the number of applications.

Three nasal spray devices were initially considered to select a candidate most favorable
for posterior nose delivery: a saline nasal spray (Basic Care, with purified water, 0.65%
sodium chloride, disodium phosphate, phenylcarbinol, monosodium phosphate, and
benzalkonium chloride), the Xlear nasal spray (Xlear, with purified water, 11% xylitol,
0.85% sodium chloride, and grapefruit seed extract), and a refillable soft-mist spray inhaler
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(Hengni, with purified water and 0.9% sodium chloride). To this aim, smaller droplet sizes
and lower existing speeds were preferred. Because spray actuation is a highly transient
process, high-speed imaging techniques were used to visualize the spray release and
subsequent plume development.

It was hypothesized that bidirectional delivery could deliver more medications to the
caudal turbinate and nasopharynx [26]. As such, the dosimetry of the nasal sprays was
compared between these two delivery methods for different respiration flow rates and
spray release angles. A baseline respiration flow rate of 30 L/min was implemented in
the conventional unidirectional delivery, while a baseline flow rate of 11 L/min was used
in bidirectional delivery. This difference was because the unidirectionally inhaled flow
included flows through both nasal passages, while the bidirectional flow was the same flow
that entered one nostril and exited from the other. A vacuum (Robinair 3 CFM, Warren, MI,
USA) was connected to the nasopharynx to generate inhalation flows for unidirectional
delivery and to the left nostril for bidirectional delivery, as illustrated in Figure 1a and
Figure 1b, respectively. The inhalation flow rate was controlled using an inline flow meter
(Omega, FL-510, Stamford, CT, USA). Considering that the spray-releasing angle could
significantly affect the dosimetry mapping, five releasing angles ranging from 10◦ to 45◦

from the nostril normal were studied (Figure 1c).
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Figure 1. Nasal spray delivery diagram in (a) unidirectional mode, (b) bidirectional mode, and
(c) administration angle to the right nostril: 10◦, 30◦, and 45◦. To quantify the regional doses, the
nasal cavity was divided into three parts: front nose, turbinate, and nasopharynx.

To study the head orientation effects, both the upright and supine positions were
considered. To study the dosimetry after multiple applications, the nasal spray was applied
either once or twice. The delivered doses were quantified by weighing the mass difference
before and after spray administration. Regional deposition rates in the vestibule, turbinate,
and nasopharynx were quantified and compared among test cases.
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2.2. Nasal Airway Casts and Computational Model

A nasal airway model previously developed by Xi et al. [27] was used in this study.
Briefly, the airway model was segmented from the MRI of a 53-year-old male (512 × 512-pixel
resolution). A hollow-cast model was prepared using Magics (Materialise, Ann Abor, MI,
USA) with a constant layer thickness of 4 mm and a feature detail size of 0.1 mm. Hollow-
cast replicas were manufactured using transparent stereolithography (SLA) material (Somos
WaterShed XC 11122) and a Stratasys Polyjet printer (Wenext, Shenzhen, China). A major
advantage of using a transparent cast was that the instantaneous transport of the nasal
sprays within the nasal cast could be visualized. To quantify the regional dosimetry, the
hollow cast was divided into three components: front (nasal vestibule and valve), middle
(turbinate), and back (nasopharynx). A step-shaped connector was created at the interface
of each component, which had a width of 2.0 mm (half the wall thickness), a height of
2.5 mm, and a clearance of 0.2 mm so that the two parts could easily connect with each
other. Transparent tape (Silicon Scar Tape) was applied to the interfaces to minimize the
probability of leakage.

2.3. Visualization of Spray Plumes in Open Space

To understand the nasal spray patterns, a high-speed camera (Phantom VEO 1310, up
to 11,000 fps acquisition rate) was used to visualize the dispersion of the spray plumes after
being discharged into an open space. An LED light with up to 41,500 lumens (Mankerlight
MK38) was adopted to illuminate the spray plumes. The acquisition speeds of the high-
speed camera were varied in the range of 2000–6000 fps to select the best visualization
effects in both the spatial and the temporal dispersion of the spray plumes [28].

2.4. UV-Illuminated Fluorescent Visualization of Spray Dynamics within the Nose

The behavior and fate of spray droplets in the nasal cast were visualized using 0.5%
green ultraviolet (UV) reactive water-soluble fluorescent dye (GLO Effex, Murrieta, CA,
USA) and a 385–395 nm LED light. Considering that liquid film translocation can be affected
by surface smoothness (or roughness), a thin layer of silicone oil (MicroLubrol PMS-0125
Phenyl Methyl Silicone Oil, 125 CST Viscosity) was applied on the inner surface to simulate
the mucus layer of human nasal airways. All tests were conducted in a dark room.

2.5. Regional Dose Quantification

The delivered doses in the front/middle/back of the nose were quantified using
the weight difference (∆W = W1 − W0), and the deposition fraction was quantified as
the ratio of ∆W to the applied dose [13]. The weight of the sectional cast was measured
immediately before and after drug delivery, i.e., W0 and W1. A high-precision electronic
scale (120 g/0.0001 g, Bonvoisin, A&D Medical, San Jose, CA, USA) was used to measure
the weight. Photos of the deposition distribution with fluorescent dyes were taken in the
transparent airway model. Each test case was repeated at least three times to evaluate the
dosimetry variability.

2.6. Statistical Analysis

Minitab (State College, PA, USA) was used to conduct associated statistical analysis.
One-way analysis of variance (ANOVA) was used to evaluate sample variability. The
delivered doses were expressed as the mean ± standard deviation.

3. Results
3.1. High-Speed Imaging of Soft-Mist and Squeeze-Bottle Sprays

Figure 2a,b shows the spray generation and transport from two conventional nasal
devices: a saline nasal spray and Xlear, respectively. The saline nasal spray generated much
larger droplets; the droplet motions appeared to be predominately moving straightforward,
with no apparent vortices (Figure 2a). The droplets from the Xlear nasal spray were
apparently smaller in size than those from the saline nasal spray; the spray plume gradually
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developed into vortex flows (Figure 2b). However, large droplets were also observed
immediately downstream of the Xlear spray nozzle (Figure 2b). High-speed images of
the soft-mist nasal spray are shown in Figure 2c at varying instants after actuation, which
generated smaller droplets with a more homogeneous size distribution. The droplet
size distribution of the soft-mist spray was measured at 3 cm from the nozzle using the
Malvern Spraytec, with D10 being 24.5 ± 0.3 µm (i.e., 10% of the sample is smaller than
24.5 ± 0.3 µm), D50 being 43.9 ± 0.7 µm, and D90 being 75.8 ± 2.9 µm. Considering that
large droplets and straight droplet trajectories would lead to deposition mainly in the
front nose from inertial impaction, the soft-mist spray bottle was chosen in the following
investigations based on the rationale that smaller aerosols could reduce the front-nose
deposition and increase the spray dispensing beyond the nasal valve.
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Figure 2. High-speed imaging of the three types of nasal sprays: (a) saline nasal spray, (b) Xlear, and
(c) soft-mist spray (at three instants after administration).

3.2. Unidirectional Delivery

Figure 3 shows nasal spray deposition using the unidirectional delivery method with
five device orientations from the vertical direction (i.e., spray release angles). For all
device orientations considered, the majority of the nasal sprays deposited in the front nose,
especially in the nasal valve region. Among them, the 40◦ orientation gave the optimal dose
in the turbinate region. However, no perceivable dose was delivered to the nasopharynx.

Liquid film translocation was apparent in the nasal cavity during the nasal spray
application. At 10◦ orientation, the nasal sprays were predominately deposited in the
nasal vestibule, particularly the roof of the vestibular. There was clear liquid dripping
downward due to gravity, as a significant dose of spray droplets was concentrated in this
region. These droplets coalesced into patches of liquid films, and the self-weight of certain
patches became large enough to overcome the surface tension and wall friction, causing the
liquid film to drip along the gravitational direction. Liquid film translocation due to the
flow shear stress at the air–liquid interface was also observed. In the case of 40◦ orientation,
a thin liquid film moved from the middle turbinate toward the caudal turbinate, which
eventually led to the formation of a large drop on the nose floor at the caudal turbinate
(40◦, Figure 3).
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3.3. Bidirectional Delivery
3.3.1. Effects of Spray Administration Angles (Relative to the Nostril)

The nasal spray deposition using bidirectional delivery is shown in Figure 4 for
different device orientation angles at a flow rate of 11 L/min. Considering that the sprays
can deposit in both nasal passages using bidirectional delivery, photos were taken from
both sides of the nose. The upper row in Figure 4 shows the right passage, into which
the spray was applied; the lower row shows the left passage, where deposition occurred
from the convection of small droplets and liquid translocation. Overall, the bidirectional
delivery method delivered more doses beyond the nasal valve and to the middle and
caudal turbinate. At a device orientation of 30◦, a certain dose was also observed in the
nasopharynx, which was not observed using unidirectional delivery. Moreover, different
deposition patterns were observed between the bidirectional and unidirectional delivery
methods (Figure 4 vs. Figure 3). This could be attributed to different flow dynamics, vortex
fields, and associated wall shear (liquid-film-stabilizing force) and flow shear (destabilizing
force), with more detailed explanations presented in Section 4.2.

Regarding the left passage, only a small quantity of nasal spray was observed in the
posterior nose. This was because of liquid translocation either along the septum (middle
wall) or channeled by the middle or inferior turbinate. Both turbinate projections resemble
V-shaped open conduits, and the liquid within them is driven by the liquid self-weight or
flow shear. Note that UV fluorescence was only visible when the UV concentration was
high enough.

To evaluate the flow shear at the air–liquid interface, the dynamics of the liquid
film during the first 0.33 s were compared in Figure 5 among three respiration flow rates
(i.e., 0, 5.5, and 11 L/min). Clearly, a flow rate of 11 L/min and the resultant shear force
exerted a more significant effect on the wall film stability and translocation compared to
5.5 L/min and 0 L/min. At 11 L/min, the nasal spray spread a longer distance at any
instant considered herein than at 5.5 L/min and 0 L/min. However, more similarities
were observed between 0 L/min and 5.5 L/min. Both showed a slow progression in
spray deposition from a C-shaped strip to a horseshoe to a closed loop, which eventually
merged into a dripping drop (Figure 5a,b). The drop stabilized in the middle turbinate, as
illustrated by the negligible change in the deposition pattern from 5/30 s to 10/30 s. These
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similarities indicated that the flow shear at 5.5 L/min and gravity were not large enough
to mobilize the liquid film to move much, despite a slightly longer distance of the film
spreading than without a flow shear (last column, Figure 5b vs. Figure 5a). Conversely, the
significantly enhanced liquid film spreading at 11 L/min indicated that the flow shear at
11 L/min succeeded in destabilizing the liquid film, which together with gravity surpassed
the stabilizing forces from viscosity and surface tension. It was also observed that the
mobilized wall film at 11 L/min stopped after traveling a certain distance and reached
a new stabilized condition due to the decreasing liquid film thickness and gravity as it
spread to other regions.
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Figure 4. Nasal spray deposition distribution using the bidirectional delivery method for different
administration angles: 20◦, 30◦, and 40◦. (a) Right view and (b) left view. Enhanced deposition in the
turbinate region was observed with an administration angle of 30◦.

3.3.2. Effects of Dual-Spray Applications on Dosimetry

The airway wall has a limit to the amount of liquid it can hold, and this liquid-holding
capacity varies with the slope and roughness of the wall. It is conjectured that a second
application will deliver a higher percentage of the applied dose to the target. Because
the first application has fulfilled the liquid-holding capacity of the airway wall leading to
the target, all (or most of) the second dose should follow the same path and translocate
to the target, with no (or negligible) loss to these walls. Figure 6a shows the liquid film
translocation after the second dose when administered bidirectionally in a supine position
and at a flow rate of 11 L/min. Apparently, more doses were found in the nasopharynx. As
the first dose paved the way in the front nose and middle turbinate, the extra liquid mass
streamed downward following the furrow between the inferior and the middle turbinate
(referred to as turbinate furrow thenceforth; Figure 6a). This led to a large drop of sprays in
the nasopharynx, which stabilized on the flat nasopharynx wall (0.33 s, Figure 6a).
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A comparison of spray dosimetry among different flow rates, as well as between one
and two doses, is shown in Figure 6b,c for total and regional deposition, respectively. The
total deposition gradually decreased as the flow rate increased from 0 to 5.5 to 11 L/min
(Figure 6b). This was as expected, considering that stronger convection would carry
away more aerosol droplets out of the airway. Considering the regional deposition, the
deposited mass in the anterior nose (vestibule) drastically decreased from 0 to 5.5 to
11 L/min, reflecting more intensified liquid film translocation with higher flow shear
(Figure 6c). Insignificant variations in the turbinate deposition were observed among the
three flow rates, as the extra mass beyond the vestibular liquid-holding capacity moved to
the turbinate region, driven by gravity (and flow shear for 5.5 L/min and 11 L/min). No
deposited mass was found in the nasopharynx when the flow shear was absent (0 L/min)
or small (5.5 L/min), while a dose of 13.5 mg (or 18.2% of the total deposition) was found
when the flow rate increased to 11 L/min (Figure 6c).

A second dose approximately doubled the total deposition at 11 L/min (Figure 6b) but
more than tripled the deposition in the nasopharynx (left panel, Figure 6c). The fact that the
first dose paved the way to the target and fulfilled the wall liquid-holding capacity made it
easier for the second dose to reach the target with more spray mass than was otherwise
needed to saturate the liquid film. This was evidenced by the deposited masses in the
vestibule and turbinate (left panel, Figure 6c), which was only slightly higher in dual-dose
vs. one-dose application for a given flow rate (11 L/min). As a result, a higher percentage
of the total dose was delivered to the nasopharynx with dual-dose than with one-dose
administration (30.9% vs. 18.2%; right panel Figure 6c; p-value = 0.044).

3.3.3. Head Positions (Supine)

Considering that the liquid-holding capacity of the turbinate furrows is sensitive to
the head orientation, two head positions were evaluated that tilted up and down from the
flat supine position by 20◦, respectively. As shown in Figure 7a, when tilting the head up
by 20◦ (equivalent to the head on a pillow), most of the spray droplets were deposited in
the inferior turbinate and nasal floor. This was because the vestibule was aligned with
the inferior turbinate along gravity in this case. Moreover, the liquid film spread a shorter
distance than in the supine position because tilting the head up by 20◦ changed the turbinate
furrow from vertical to a 70◦ slope. Applying the second dose delivered significantly more
doses to the caudal turbinate, but a negligible dose was observed in the nasopharynx, as
displayed in the middle panel of Figure 7a. The posterior nose dose (i.e., caudal turbinate
and nasopharynx) with one-dose and dual-dose applications was 2.9 mg and 34.0 mg,
respectively (right panel, Figure 7a).

Figure 7b shows the deposition distribution when the head was tilted back by 20◦.
Note that this would also change the turbinate furrow from vertical to a 70◦ slope, but the
liquid film would touch the other side of the turbinate furrow and have a different liquid
film stability. With one applied dose, the liquid film traveled down the turbinate furrow,
with several drops reaching the nasopharynx (hollow red arrow, left panel, Figure 7b).

Applying another dose delivered more sprays to the caudal turbinate, particularly to
the ridge of the caudal turbinate (solid red arrow, middle panel, Figure 7b). The turbinate
deposition increased from 31.5 mg with one-dose application to 58.3 mg with dual-dose
application; the nasopharynx deposition increased from 9.4 mg with one-dose application
to 26.7 mg with dual-dose application (right panel, Figure 7b). Based on these observations,
it was inferred that three factors are necessary for enhanced delivery to the posterior nose:
(1) flow shear mobilizing the liquid film, (2) gravity aligning with the target, and (3) highly
slanted turbinate furrows assisting the liquid film motion and minimizing the wall liquid-
holding capacity. As a result, adopting a supine position or tilting the head backward by
20◦ is supposed to effectively deliver sprays to the posterior nose (Figures 6 and 7b).
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3.4. Revisiting Unidirectional Delivery
Effects of Spray Administration Angles (Relative to the Nostril)

It was noted that these aforementioned three factors needed for enhanced delivery to
the posterior nose could be valid for both bidirectional and unidirectional delivery methods
as long as the flow shear is sufficient in mobilizing the liquid film. Thus, unidirectional
delivery in a supine position with a high flow rate and multiple-dose applications could
also give similarly enhanced doses to the target as bidirectional delivery.

Figure 8a,b displays the deposition pattern of unidirectional delivery at 30 L/min with
one dose and two doses, respectively. The supine position appeared to significantly offset
the liquid-film-stabilizing forces, which made it easier for the flow shear to mobilize the
wall film. The increased gravitational component and reduced wall liquid-holding capacity
in the supine position also facilitated the liquid film translocation toward the back of the
nose, as illustrated by the increased nasopharynx dose (hollow red arrow, Figure 8a).

Applying a second dose further enhanced deposition in the nasopharynx (red arrow,
Figure 8b). Moreover, liquid dripping was observed at the caudal tip of the turbinate
(yellow arrow, Figure 8b), indicating that the liquid washed through the turbinate region.
Quantitatively, applying a second dose more than doubled the deposition in the turbinate
region (i.e., from 39.0 to 88.8 mg, p-value = 0.016) and nasopharynx (i.e., from 8.6 to 32.6 mg,
p-value = 0.031), as shown in Figure 8c. It was also noted that the same factors (gravity and
flow shear) that helped mobilize the liquid film could also reduce the maximal liquid film
thickness, thus slightly decreasing the dose adhering to the same region.
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4. Discussion
4.1. Has the New Delivery System Delivered Sufficient Doses to the Posterior Nose?

In this study, we sought to develop an effective protocol for delivering nasal sprays to
the posterior nose by testing different delivery modes, administration angles, inhalation
flow rates, and the number of applications in a progressive manner. That is, after each
parametric study, not only were the performances compared but also the underlying
mechanisms were examined, hypotheses were checked, and new hypotheses were planned
to be tested (more details in the following Section 4.2). With this progressive examination,
it was found that a supine position and dual applications are able to significantly improve
the doses delivered to the caudal turbinate and nasopharynx, which are the targets for
mucosal immunization. Compared to the 0~5% of deposition fractions to these two regions
using conventional nasal inhalers, the new protocol managed to deliver 31% of the dose
to the nasopharynx alone (Figure 6c). This significant enhancement in posterior nose
delivery can pave the way for mucosal immunization, for which low doses to the target
using conventional methods have been a bottleneck to their wide clinical application, even
though many nasally inhaled vaccines have been actively developed during the pandemic
in the past 2 years [29–33].

Formulation viscosity can significantly affect spray generation and the subsequent
dosimetry in the nose. Previous studies have demonstrated that a more viscous formulation
would generate a spray with a narrower plume angle and large droplets, leading to a smaller
spray area [34]. As a result, more doses would be deposited in the vestibule and anterior
turbinate in comparison to formulations with lower viscosities [35,36]. Viscosity modifiers,
such as mucoadhesive polymers, have often been added to nasal spray formulations to
improve local delivery or cellular uptake [37,38]. In this study, saline solution was used
that had a lower viscosity, which was expected to yield more distal deposition in the
nose than using actual nasal formulations. In particular, slightly lower deposition in the
nasopharynx was expected in clinical practice. Considering lipophilic drugs, suspension
or emulsion formulations would form, which could affect the rate of both dissolution and
film translocation [39]. Han et al. [40] measured the surface tension of various oral and
nasal suspension formulations and reported a lower surface tension magnitude compared
to saline water. Therefore, the liquid film on the nasal wall was expected to be less stable
and more prone to translocate to the back of the nose.

4.2. Mechanisms Underlying Successful Posterior Nose Delivery

Controlled liquid film translocation was found to be the key to the success or failure of
effective delivery to the caudal turbinate and nasopharynx. For a given delivery condition
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(device, administration angle, head position, etc.), liquid translocation from initial deposi-
tion sites to the target would be determined by three factors: First, whether a destabilizing
force could mobilize or start the translocation of the liquid film; second, the translocation
direction and distance followed gravity and were channeled by the nose topology; and
lastly, the translocated mass depended on the applied mass over the liquid-holding capacity
of the nasal wall.

Due to the large droplet sizes and high discharging velocities, nasal sprays often
deposit in the anterior nose, particularly in the vestibule and nasal valve. Because of the
highly localized deposition, liquid films form from these droplets as distinct or connected
patches. However, whether these liquid film patches stay or move depends on the rivalry
between the stabilizing and destabilizing forces. In this regard, surface tension (both liquid–
air and liquid–wall) and viscosity (static wall fraction) were stabilizing forces, while gravity
(i.e., tangential components of the liquid self-weight) and flow shear (at the air–liquid
interface) were destabilizing forces. In this study, we observed negligible translocation
when there was no inhalation flow (thus no flow shear), with most of the nasal spray
being deposited in the anterior nose and staying there (Figure 5a). Increasing the flow
rate increased the film translocation in both extent and traveling distance regardless of
the delivery mode (Figure 5b,c). This indicated that flow-induced shear at the air–liquid
interface could be the determining factor in mobilizing the liquid film, especially in regions
where the stabilizing forces from surface tension and viscosity are only slightly larger than
the destabilizing gravitational force [41–43].

How far the liquid film could move depended on the flow shear, gravity, and nose
topology along the way. The liquid-holding capacity was influenced by both the wall slope
and the local wall topological details. Previous studies have reported that the maximal
liquid film thickness is reversely correlated with the wall slope angle [44,45]. A rough
wall with geometrical irregularities could hold more liquid due to a large surface area
for the intermolecular force, as well as a physical interlocking effect, leading to a higher
static wall fraction [46]. Once the liquid film is mobilized, the kinematic wall shear would
be much smaller due to the lubrication effects by transiting from static interlocking to
laminar layer sliding (ref-lubrication) [47]. The motion of the liquid film will accelerate
when moving down a slope and slow down when working against gravity. The liquid
film may also stop as it fulfills the new walls’ liquid-holding capacity while spreading
until the liquid film is too thin to overcome the stabilizing forces. As a result, aligning
gravity toward the target is a promising approach to maximize the delivered doses via film
translocation, as demonstrated in Figures 5–7. Aligning the target with gravity has often
been practiced in the treatment of rhinosinusitis [48]. Merkus et al. [49] recommended a
head-to-floor position to enhance nasal spray delivery to the olfactory cleft after comparing
four head positions: upright, supine-tilting-back, lying-on-one-side, and head-to-floor
positions. Cannady et al. [50] reported that the head-to-floor position could deliver more
drugs to the ethmoid cavity, maxillary sinus, and sphenoid sinus. Similarly, Mori et al. [51]
observed that the lying-on-one-side (Kaiteki) position allows more nasal drops to reach
the olfactory region. However, it is also cautioned that the practice of aligning gravity to
the target is not guaranteed to deliver the maximal doses to the target, because the liquid
motion is also subject to the wall geometrical details that can be either a blockage or a
conduit to the liquid flow.

Once a path of liquid film translocation to the target was established (by adopting
a specific device, delivery mode, administration angle, head position, etc.), the dose to
the target could be controlled by applying multiple doses. As shown in Figures 6–8, a
significantly higher dose from the second application was delivered to the posterior nose
than from the first application, in the light of the fact that part of the first dose had been
allocated to fill the wall liquid-holding capacity. However, too many applications would
overflow the targeted regions and cause unwanted deposition in other regions [52,53].
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4.3. Bidirectional vs. Unidirectional Modes

The experimental results in this study show that using the bidirectional route delivers
higher doses to the caudal turbinate and nasopharynx than using the unidirectional route.
With a single spray application, the optimal nasopharynx dose was 13.5 mg vs. 8.6 mg using
the bidirectional and unidirectional methods, respectively (Figure 6c vs. Figure 8c). With
a dual-dose application, the nasopharynx dose was 32.6 mg bidirectional ly vs. 43.3 mg
unidirectionally (Figure 6c vs. Figure 8c).

Using a transparent nasal replica cast, it was clearly demonstrated that the liquid
film translocation was far more intensified during bidirectional delivery than during
unidirectional delivery, all other parameters being the same. Even though the exact reason
underlying this difference was not clear at this moment, we speculated that this could be
attributed to the distinct flow dynamics between these delivery methods, which further
led to different wall shear (stabilizing force) and flow shear (destabilizing force). In the
bidirectional route, the nasopharynx was closed and the airflow followed a U-shaped
trajectory from the right nostril to the left nostril. Note that it is a natural reflex in humans
that the soft palate is lifted up upon exhalation and blocks the oropharynx that connects the
oral and nasal airways. As a result, the nasopharynx serves as a dead end, which generates
an elevated pressure that diverts the airflow by 180◦ from one nasal passage to the other.
It is likely that this forceful diversion in the flow direction creates a pressure-flow-shear
field that is more prone to mobilizing the liquid film and driving the liquid film motion.
Further studies are needed to prove/disprove this hypothesis and to unravel the exact
reason responsible for the improved bidirectional dosimetry.

4.4. Limitations

This study can be further improved if more physiological factors can be considered,
including a large cohort of nose models, more delivery scenarios, and compliant walls. In-
tranasal spray dosimetry is sensitive to nasal anatomical details; the inter-subject variability
can be large and warrants future investigations [54–57]. It will be desirable to know the
range or confidence level of the nasal dosage for a given device, formulation, and targeted
patient population (e.g., child, adult, senior) [36,58–60]. Similarly, a limited number of deliv-
ery conditions were considered. By considering more test cases that cover the entire design
space, a response surface can be developed, which can immediately provide an empirical
estimation for any delivery scenarios [61]. Considering that nasal sprays generally have
large droplet sizes and high exiting speeds, the inertial impaction will be the predominant
deposition mechanism and the effects from compliant walls should be secondary [62,63].
Zeta potential analysis, which characterizes the droplet surface charge and is important in
determining the stability of colloidal suspensions or emulsions, was not considered in this
study based on the rationale that 0.9% saline water is a stable solution [64]. The droplet
size distribution and physicochemical properties of the three nasal formulations were not
fully characterized except the size distribution of the soft-mist nasal inhaler.

5. Conclusions

In this study, the feasibility of delivering high doses of nasal sprays to the caudal
turbinate and nasopharynx was evaluated by experimentally testing different delivery
methods, releasing angles, flow rates, head positions, and dosing numbers. The mecha-
nisms underlying liquid film translocation were explored. Specific findings are as follows:

(1) For nasal spray delivery, liquid film translocation can be a more important factor than
the initial deposition in determining the dosimetry distribution.

(2) Liquid film translocation is sensitive to the inhalation flow rate and head position.
(3) Liquid film translocation is more sensitive to the inhalation flow rate in bidirec-

tional delivery than in unidirectional delivery and in a supine position than in the
upright position.
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(4) Factors favorable for posterior nose delivery include (1) flow shear mobilizing the
liquid film, (2) gravity aligning with the target, and (3) slanted turbinate furrows
assisting film motion and minimizing the wall liquid-holding capacity.

(5) A supine position and dual-dose application significantly enhance nasal spray depo-
sition in the caudal turbinate and nasopharynx. A nasopharynx deposition fraction
of 31% was achieved vs. no nasopharynx deposition in an upright position with a
one-dose application.
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Abstract: Multi-drug-resistant tuberculosis (MDR-TB) is a huge public health problem. The treatment
regimen of MDR-TB requires prolonged chemotherapy with multiple drugs including second-line
anti-TB agents associated with severe adverse effects. Capreomycin, a polypeptide antibiotic, is the
first choice of second-line anti-TB drugs in MDR-TB therapy. It requires repeated intramuscular
or intravenous administration five times per week. Pulmonary drug delivery is non-invasive with
the advantages of local targeting and reduced risk of systemic toxicity. In this study, inhaled
dry powder formulation of capreomycin targeting the lung was developed using spray drying
technique. Among the 16 formulations designed, the one containing 25% capreomycin (w/w) and
spray-dried at an inlet temperature of 90 ◦C showed the best overall performance with the mass
median aerodynamic diameter (MMAD) of 3.38 µm and a fine particle fraction (FPF) of around
65%. In the pharmacokinetic study in mice, drug concentration in the lungs was approximately
8-fold higher than the minimum inhibitory concentration (MIC) (1.25 to 2.5 µg/mL) for at least 24 h
following intratracheal administration (20 mg/kg). Compared to intravenous injection, inhaled
capreomycin showed significantly higher area under the curve, slower clearance and longer mean
residence time in both the lungs and plasma.

Keywords: capreomycin; dry powder aerosol; inhalation; pulmonary delivery; spray drying;
tuberculosis

1. Introduction

Tuberculosis (TB) is an airborne communicable disease caused by Mycobacterium
tuberculosis (Mtb). It is one of the major causes of illness and death worldwide. As an
unresolved public health threat, it is estimated that 10 million people fell ill with TB in
2019 [1]. Although the number of infections has slowly declined in recent years, the
coronavirus disease 2019 (COVID-19) pandemic and the increasing number of human
immunodeficiency virus (HIV) infections exert negative impact on global TB control [1].
The management of TB has become more challenging with the emergence of multi-drug-
resistant TB (MDR-TB), which refers to the resistance to both isoniazid and rifampicin.
Treatment of MDR-TB requires the use of second-line drugs that are mostly injectables
with high toxicity and long treatment duration of at least nine months (typically up to
24 months) [1,2].

Capreomycin is a cyclic polypeptide antibiotic composed of four molecular analogues
(IA, IB, IIA and IIB) isolated from Streptomyces capreolus [3]. It is a second-line anti-TB
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agent used for the treatment of MDR-TB. The mechanism of action of capreomycin is
not completely clear but it is widely accepted that it inhibits bacterial protein synthesis
by binding to the 70S ribosomal unit. It can interfere with several ribosomal functions,
including the formation of the 30S subunit initiation complex and the translocation of
tRNA [4,5]. Capreomycin needs to be repeatedly injected (up to five times per week) and is
associated with severe adverse effects such as nephrotoxicity and ototoxicity. Therefore,
long-term administration of capreomycin is a heavy load for patients, especially the elderly
and those with renal impairment [6].

Pulmonary delivery is a non-invasive alternative route of drug administration for the
treatment of pulmonary TB, including MDR-TB. By delivering the drug to the lung directly,
high local drug concentration at the site of primary infection can be achieved. As a result, a
lower dose is required, thereby minimising systemic exposure, improving drug efficacy
and reducing the risk of drug resistance development [7]. Another advantage of inhaled TB
therapy is that particles targeted to the lung can be phagocytosed by alveolar macrophages
in which the Mtb colonized [8]. Compared to liquid formulations, dry powder formulations
have better stability, which is convenient for storage and transportation. In addition, dry
powder inhalers (DPIs) are easy to operate and allow the delivery of high doses, which are
often required for antibiotics [9]. A few studies have reported the preparation of inhalable
powder of capreomycin, some of which were formulated in liposomes or poly(lactic-co-
glycolic acid) (PLGA) microparticles to control the particles size distribution for efficient
lung deposition [10,11]. Hickey et al. produced spray-dried powder of capreomycin (as
sulfate), in which 50% ethanol (v/v) was used as the solvent and L-leucine as dispersion
enhancer [2,12–14]. Schoubben et al. blended spray-dried capreomycin (as sulfate) powders
with lactose at a 1:50 ratio (w/w) to improve powder dispersibility [15]. Since TB therapy
requires high dose of drug, it may not be practical to deliver capreomycin with such a large
amount of excipient [16].

The aim of this study was to develop inhaled powder formulations of capreomycin
that exhibit high drug loading, excellent aerosol performance and good pharmacokinetic
profile compared to other previously reported formulations, in a method that is easy for
scale-up without the use of organic solvent [2,8,10–15,17]. Mannitol was used in the present
study as a bulking excipient to produce spray-dried powder of capreomycin for inhalation.
It is frequently exploited as an excipient in spray-dried formulations with satisfactory
aerosol performance and physical stability [9,18,19]. Formulations containing different
drug contents were prepared by spray drying at different inlet temperatures in order to
explore the effect on particle properties. The morphology, particle size distribution, aerosol
performance, crystallinity and surface composition of the powder formulations were
investigated. The optimal formulation was also identified to evaluate its pharmacokinetic
profile in mice.

2. Materials and Methods
2.1. Materials

Capreomycin (Capastat® sulfate) was purchased from Yick-Vic Chemicals and Phar-
maceuticals (Hong Kong, China). Mannitol (Pearlitol® 160) was purchased from Roquette
(Lestrem, France). Analytical standard of capreomycin sulfate and trifluoroacetic acid
(TFA) were obtained from Sigma-Aldrich (Poole, UK). Heptafluorobutyric acid (HFBA) of
HPLC grade was obtained from Thermo Scientific Pierce (Rockford, IL, USA). All solvents
and reagents were of analytical grade.

2.2. Preparation of Spray-Dried Powders

Capreomycin and mannitol were dissolved in 15 mL of ultra-pure water at four differ-
ent drug: mannitol mass ratios of 1:4, 1:3, 1:2 and 1:1 to obtain a final solute concentration of
1% (w/v). Each formulation was spray-dried using a laboratory spray dryer (Büchi B-290,
Labortechnik AG, Flawil, Switzerland) with the two-fluid nozzle (Büchi, with an internal
diameter of 0.7 mm) at four different inlet temperatures of 60, 90, 120 and 150 ◦C. The
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nitrogen atomization flow rate was 742 L/h, the aspiration rate was 38 m3/min (100%) and
the liquid feed rate was 2.1 mL/min. A total of 16 formulations were prepared (Table 1).
The spray-dried powders were stored in a desiccator with silica gel at room temperature
until further analysis. The production yield was defined as the mass of powder collected
after spray drying divided by the total feed solid mass.

Table 1. The composition of spray-dried powders prepared at different inlet temperature.

Sample Name Capreomycin:
Mannitol Ratio (w/w)

Capreomycin
Percentage by Mass

Inlet Temperature
(◦C)

C20_T60

1:4 20.0

60
C20_T90 90

C20_T120 120
C20_T150 150

C25_T60

1:3 25.0

60
C25_T90 90

C25_T120 120
C25_T150 150

C33_T60

1:2 33.3

60
C33_T90 90

C33_T120 120
C33_T150 150

C50_T60

1:1 50.0

60
C50_T90 90

C50_T120 120
C50_T150 150

2.3. Drug Content

The drug content was determined as the measured amount of capreomycin with
respect to the mass of the spray-dried powders. For each formulation, 1 mg of powder was
weighed and dissolved in 5 mL of ultrapure water using a volumetric flask. The samples
were filtered with 0.45 µm membrane filter (Nylon syringe filter, Membrane Solutions,
Auburn, WA, USA) and quantified by high-performance liquid chromatography (HPLC)
(Agilent 1260 Infinity; Agilent Technologies, Santa Clara, CA, USA). The HPLC method
was adopted and modified according to a previous study [8]. In brief, a C18 column (5 µm,
4.6 × 250 mm, Agilent, Santa Clara, CA, USA) was used. The mobile phase was composed
of 0.1% TFA aqueous solution (pH 2) and acetonitrile (95:5, v/v). The running flow rate
was 1 mL/min. A volume of 50 µL sample was injected and capreomycin was detected by
UV absorbance at 268 nm. Capreomycin IIA/IIB eluted at approximately 4.6 min while
capreomycin IA/IB eluted at around 5.4 min. Total capreomycin was quantified by using a
calibration curve with linearity (R2 = 0.9999) between 3.0 µg/mL and 400.0 µg/mL.

2.4. Morphology Study

Scanning electron microscopy (SEM) (Hitachi S-4800, Hitachi High-technologies Crop.,
Tokyo, Japan) was used to study the morphology of the spray-dried powders. Samples
were sputter-coated with gold-palladium alloy (approximately 11 nm) after being dispersed
on the adhesive carbon discs. The coated sample was imaged at 5.0 kV.

2.5. Particle Size Distribution

The volumetric size distribution of the spray-dried powders was measured by laser
diffraction (HELOS/KR incorporated with an inhaler module, Sympatec, Clausthal-
Zellerfeld, Germany) as previously reported [20]. Approximately 5 mg of powder was
loaded in gelatin capsules and dispersed from a Breezhaler® at a flow rate of 60 L/min
and a pressure drop of 1.5 kPa. The 100 mm (R3) lens (measuring range 0.45–175 µm) was
employed in the measurement. Each powder formulation was measured in triplicate. The
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tenth (D10), median (D50), and ninetieth (D90) percentile of the volumetric diameter were
recorded. The span was calculated according to the formula (D90–D10)/D50.

2.6. In Vitro Aerosol Performance

The aerosol performance of the spray-dried powder was evaluated with a Next
Generation Impactor (NGI) (Copley Scientific Limited, Nottingham, UK) without a pre-
separator. For each formulation, a Size 3 gelatin capsule (Capsugel, Lonza, NSW, Australia)
containing around 7 mg of spray-dried powders were placed in a Breezhaler®. The powders
were dispersed at an airflow rate of 90 L/min for 2.7 s with a pressure drop of 3.5 kPa [20].
Before dispersion, the NGI plates were coated with the silicon lubricant (LPS Laboratories,
Tucker, GA, USA). After dispersion, a volume of 4 mL ultrapure water was used to rinse and
dissolve the powder in the capsule, inhaler, adaptor and each NGI plate separately. After
filtering through a 0.45 µm membrane filter (Nylon syringe filter, Membrane Solutions,
Auburn, WA, USA), the samples were assayed by HPLC as described above. The NGI
experiments were performed in triplicate for each formulation. The recovered dose was
defined as the total amount of powder in the capsule, inhaler, adaptor and all NGI stages
assayed by HPLC in a single run. The emitted fraction (EF) referred to the fraction of the
powder emitted from the inhaler with respect to the recovered dose. The fine particle dose
(FPD) referred to the amount of powder with an aerodynamic diameter less than 5.0 µm,
which was calculated by interpolation. Fine particle fraction (FPF) was the fraction of
the fine particle dose with respect to the recovered dose. The mass median aerodynamic
diameter (MMAD) was defined as the aerodynamic diameter at which 50% of the particles
(collected from stage 1 to the micro-orifice collector) by mass are larger and 50% are smaller.
The MMAD and geometric standard deviation (GSD) were calculated by a linear fit of the
cumulative mass and aerodynamic cut-off diameter on a log scale.

2.7. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was conducted to measure the residual moisture
of the spray-dried powders. About 2 mg of each formulation was weighed into a 70 µL
alumina crucible and heated from 25 to 150 ◦C at 10 ◦C/min with a 20 mL/min nitrogen
flow in a TGA/DSC 1 STARe System (Mettler Toledo, Greifensee, Switzerland). The loss in
mass indicated the residual moisture evaporated from the spray-dried powders.

2.8. Differential Scanning Calorimetry (DSC)

The thermal response profiles of each spray-dried powder formulation and raw
materials were assessed by differential scanning calorimetry (DSC) (Model Q1000, TA
Instruments, New Castle, DE, USA) as previously reported [21]. Between 1–3 mg of
powder was loaded into an aluminum crucible, crimped with a non-perforated lid and
heated from 20 ◦C to 200 ◦C at 10 ◦C /min under a 50 mL/min nitrogen purge.

2.9. Powder X-ray Diffraction (PXRD)

The crystalline structures of the spray-dried powders and raw materials were studied
by X-ray powder diffraction (X’Pert Powder; Malvern Panalytical Ltd., Malvern, UK) as
previously reported [20]. About 4 mg of powder was spread compactly on the sample
plate and subjected to Cu-Kα radiation at a current of 45 mA and voltage of 40 kV under
ambient temperature. The scattered X-rays were measured from 5 to 35◦ by a detector with
a scan speed of 0.02◦ per second and a step size of 0.01◦.

2.10. X-ray Photoelectron Spectroscopy (XPS)

The surface composition of the powders was examined by X-ray photoelectron spec-
troscopy (XPS) using a K-Alpha XPS system (Thermo Fisher Scientific, Waltham, MA, USA).
Each sample was loaded onto carbon tape on the powder sample holder, followed by the
measurement of the surface atomic concentration of carbon, oxygen, nitrogen, and sulfur.
Hydrogen could not be detected by XPS so it was not measured. A monochromatic Al Kα
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X-ray source was operated at 72 W with a spot size of 400 µm to obtain the spectra. The
pass energy of the survey and region scans were 200 eV and 50 eV, respectively. Similar
procedures and settings for XPS have been adopted in other studies [22–24]. During mea-
surement, the pressure in the analysis chamber was about 2 × 10−7 mbar and the charging
of the samples was compensated by an electron flood gun. Six spots on each sample were
randomly selected for measurement. Since capreomycin was the only component in the
spray-dried samples containing nitrogen, its surface coverage was determined by calculat-
ing the ratio of nitrogen atoms on the surface of the spray-dried particles to those on raw
capreomycin. The rest of the surface of the spray-dried powders was covered by mannitol.
The expected atomic percentage of nitrogen was calculated using the following equation
by assuming a homogenous distribution of the components of the particle according to
the theoretical ratio of the components in the formulation. (The molecular formula of
capreomycin sulfate is C24H42N14O8 × H2SO4 and the molecular weight is 752.8 g/mol).

Atomic %nitrogen

= [
(M%capreomycin sul f ate/mcapreomycin sul f ate)(Ncapreomycin sul f ate)+(M%mannitol/mmannitol)(Nmannitol)

(M%capreomycin sul f ate/mcapreomycin sul f ate)(Zcapreomycin sul f ate)+(M%mannitol/mmannitol)(Zmannitol)
](100)

(1)

where M% is the mass percentage of a compound in the formulation, m the molecular
weight of the compound, N the number of nitrogen atoms in the compound, and Z the
total number of atoms in the compound excluding hydrogen.

2.11. Animal Study

BALB/c mice of either gender aged 7 to 9 weeks weighing between 18 to 30 g were
employed in this study. The mice were obtained from the Centre for Comparative Medicine
Research, The University of Hong Kong. They were housed in a 12-h light/12-h dark cycle
with food and water supplied ad libitum. All the animal experiments were performed with
the approval from the Committee on the Use of Live Animals in Teaching and Research,
The University of Hong Kong (CULATR 4921-19, approved on 1 February 2019).

2.12. Pharmacokinetic Study

The mice were randomly divided into two treatment groups (n = 45 per group, five
mice per time point, nine time points in total). The intravenous (IV) group received
capreomycin (sulfate) solution prepared in normal saline (4 mg/mL) via tail vein injection
at a dose of 20 mg/kg [2,13]. Intratracheal (IT) group received the C25_T90 formulation
as powder aerosol intratracheally as previously described [25]. In brief, the powder was
loaded in a 200 µL gel loading pipette tip, which was connected with a three-way stopcock
and 1 mL syringe. The pipette tip was inserted into the trachea of mice under anesthesia.
The powder was dispersed into the lungs of mice by 0.6 mL of air in the syringe. After each
powder insufflation, the pipette tip was removed and rinsed with 1 mL ultra-pure water.
The rinsing solution was assayed by HPLC to calculate the residual mass of capreomycin
in the tip. The delivered mass of capreomycin was calculated as drug content in the
loaded mass of powder minus the residual mass of capreomycin in the tip. The insufflation
efficiency (%) was the ratio of delivered mass of capreomycin to the loaded mass of
capreomycin. According to a preliminary study, the insufflation efficiency of C25_T90
formulation was around 80% (unpublished data). To achieve a dose comparable with the
IV group, 25 mg/kg of capreomycin was initially loaded and administered in the IT group
(around 2 mg powder for a 20 g mouse). The delivered dose within 17.5 to 22.5 mg/kg was
considered successful administration, and mice that received dose outside this range were
excluded. At 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, and 24 h post-administration,
the mice were euthanized with overdose pentobarbital (200 mg/kg). The whole blood
was collected by cardiac puncture, followed by centrifugation at 13,000 rpm for 10 min to
obtain the plasma. The lungs were collected and frozen in liquid nitrogen immediately.
The plasma and lung tissues were stored at −80 ◦C until further analysis.
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2.13. Extraction of Capreomycin

The extraction of capreomycin from plasma and tissue homogenates was performed
according to a previous study [2] with minor modification. Tissue homogenates were
obtained by homogenizing the tissue with sterile water. A volume of 1 µL perchloric acid
was added to a microcentrifuge tube containing 100 µL of plasma or tissue homogenates
to induce protein precipitation. The mixtures were vortexed for 10 min and centrifuged
at 16,000× g for 10 min. The supernatant was collected and neutralized with 110 µL basic
mix of 1:10 KOH/K2HPO4 solution. The obtained mixtures were then vortexed, followed
by centrifugation at 16,000× g for 15 min. The supernatant was transferred to glass vials
for HPLC analysis. A standard curve was obtained by spiking known concentrations
of capreomycin (0.6 to 40.0 µg/mL) into blank plasma or blank lung tissue homogenate
followed by treatment as mentioned above. HPLC was performed using a C18 column
(5 µm, 4.6 × 250 mm, Agilent, Santa Clara, CA, USA) with a guard cartridge. In this HPLC
method, HFBA replaced TFA to improve peak resolution of the samples. The mobile phase
consisted of 0.1% HFBA in ultrapure water (solvent A) and 0.1% HFBA in HPLC grade
acetonitrile (solvent B), pumped at 1 mL/min under the following gradient: 0 to 2 min,
80% A; 2 to 22 min, 80–20% A; 22 to 25 min, 20% A (v/v). A volume of 50 µL sample was
injected and capreomycin was detected by UV absorption at 268 nm. Capreomycin eluted
at approximately 9.7 min with this method. Linearity was demonstrated between 0.6 and
40.0 mg/mL (R2 = 0.998).

2.14. Data Analysis

The FPF data evaluated by NGI was analyzed by one-way ANOVA followed by
Tukey post hoc test by GraphPad Prism (version 8.0.1, GraphPad Software, San Diego, CA,
USA). For the pharmacokinetics data, the maximum concentration of capreomycin (Cmax)
and time to obtain the maximum concentration (Tmax) in plasma and lung tissues, the
elimination rate constant (Kel), half-life (t1/2), clearance (CL), area under the curve from 0 h
to t (AUC0–t), area under the curve from 0 h to infinity (AUC0–∞) and mean residence time
(MRT) in plasma and lung tissue were calculated by noncompartmental methods (Phoenix
WinNonlin, Certara, Princeton, NJ, USA). Pharmacokinetic parameters were analyzed by
Student’s t-test.

3. Results
3.1. Production Yield of Spray Drying

The production yield of spray drying was affected by both the capreomycin content
in the formulation and the inlet temperature (Table 2). In general, as the capreomycin
content increased, the production yield decreased. The inlet temperature of 60 ◦C (the
lowest temperature employed in the study) resulted in the lowest production yield within
the group of the same drug content. In the C20 and C25 groups, when the inlet temperature
was 90 ◦C or above, formulations had relatively high yield of over 60%. Due to the low
production yield of C50 group (all below 10%), the formulations in this group were not
further investigated in the subsequent studies.

3.2. Drug Content and Residual Moisture

The measured drug content was close to the theoretical value in all tested formulations
(Table 2). The residual moisture of spray-dried powders ranged from 0.48% to 3.13% (w/w).
Low inlet temperature (60 ◦C) generally produced particles with higher moisture level than
other formulations with the same capreomycin content. There was no clear trend between
residual moisture and drug content.

3.3. Particle Morphology

As observed in the SEM images (Figure 1), spray-dried particles prepared at inlet
temperature of 120 ◦C or below were generally spherical in shape with smooth surface and
partially aggregated. When the drug content increased from 20% to 33% (w/w), the particles
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appeared to be progressively fused together to produce an interconnected structure, which
was particularly prominent in C33_T60 and C33_T90 formulations. As the inlet temperature
further increased to 150 ◦C, the particles were no longer spherical and instead showed a
rough surface with large and irregularly shapes.

Table 2. The outlet temperature, production yield, drug content and residual moisture of spray-dried
powders. Data for drug content was presented as mean ± standard deviation (n = 3). N.A. Not
applicable. Due to the low production yield of C50 group, the spray-dried powders of this group
were not further investigated.

Sample Name Outlet
Temperature (◦C)

Production
Yield (%, w/w)

Drug Content
(%, w/w)

Residual Moisture
(%, w/w)

C20_T60 36–38 53.0 19.2 ± 0.4 2.2
C20_T90 52–55 69.9 18.7 ± 1.4 1.2

C20_T120 70–74 66.9 19.8 ± 0.3 1.6
C20_T150 90–95 63.3 19.0 ± 0.6 1.4

C25_T60 35–39 47.3 25.5 ± 0.3 2.3
C25_T90 52–56 65.7 24.9 ± 0.6 0.7

C25_T120 68–71 78.1 26.7 ± 0.4 1.5
C25_T150 83–86 63.9 24.5 ± 0.8 0.5

C33_T60 34–37 18.2 33.2 ± 0.6 3.1
C33_T90 53–56 25.8 33.6 ± 0.4 2.8

C33_T120 68–70 52.5 34.4 ± 0.8 2.0
C33_T150 88–92 39.1 34.1 ± 0.2 2.8

C50_T60 34–37 1.0 N.A. N.A.
C50_T90 52–57 6.9 N.A. N.A.

C50_T120 66–68 4.3 N.A. N.A.
C50_T150 84–87 7.2 N.A. N.A.

3.4. Particle Size Distribution

The volumetric size distribution of spray-dried powder was measured by laser diffrac-
tion (Table 3). When the powder was prepared at a high inlet temperature of 150 ◦C, the
particles were larger than those prepared at a lower inlet temperature, which was consis-
tent with the SEM images. The T120 group exhibited the smallest volumetric diameter
compared to those spray-dried with the same drug content at other inlet temperatures.
Apart from T150 group, the higher inlet temperature, the smaller the particle size. In T60,
T90 and T150 groups, when the content of capreomycin was increased to 33% (w/w), the
particle size became larger. C20_T120 showed the smallest D50 of 1.82 µm while C33_T150
showed the largest D50 of 6.44 µm. Compared with other formulations, C25_T150 and
C33_T150 showed a wider span (>2).

3.5. In Vitro Aerosol Performance

The aerosol performance of the spray-dried powders from NGI experiments are pre-
sented as EF, FPF (Figure 2) and MMAD (Table 3). All the spray-dried powders showed
similar dispersion trends with EF approaching or over 80%. In the C20 and C33 groups, the
powders prepared at an inlet temperature of 150 ◦C showed significantly lower FPFs than
those prepared at 120 ◦C (p < 0.05, one-way ANOVA by Tukey post hoc test). In the C25
group, the FPF of C25_T150 was significantly lower than all other formulations with the
same drug content (p < 0.05 or 0.01, one-way ANOVA by Tukey post hoc test). All the for-
mulations prepared at 120 ◦C or below had FPF values of over 50%. The MMAD of particles
in the T150 group were larger than that of other formulations, which was consistent with
the SEM images and volumetric diameter. Formulations that were prepared at 120 ◦C or be-
low showed similar MMAD within the range of 3.4 to 5.3 µm regardless of the formulation
composition, indicating that the inlet temperature should not be higher than 120 ◦C in order
to produce inhalable powder. Among all the formulations investigated, C25_T90 demon-
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strated the highest FPF of over 64% with the smallest aerodynamic diameter of 3.38 µm.
Therefore, it was identified as the optimal formulation for the pharmacokinetic study.
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3.6. Thermoanalysis and Powder Crystallinity

All investigated formulations demonstrated a characteristic endothermic peak at 150
to 160 ◦C in the DSC study (Figure 3), whereas raw mannitol was reported to have a
melting point at 166 to 168 ◦C [26]. This observation demonstrated a shift in melting point
of mannitol in the presence of capreomycin. The higher the content of capreomycin, the
lower the temperature of the endothermic peak. Formulations with the same content
of capreomycin showed similar thermal behavior regardless of the inlet temperature of
spray drying. The smaller particles size of mannitol after spray drying may also cause
melting point depression [27]. According to the PXRD results (Figure 4), raw mannitol
was highly crystalline and predominately in the β form, as indicated by the peaks at
10.5◦ and 14.7◦(indicated by arrows) [28]. Formulations in the T120 group were also
predominately in the β form (14.7◦, indicated by the arrow in C20 group) while those in
the T150 group exhibited α and β polymorphs, since they had the characteristic peaks
not only at 14.7◦ but also at 13.6◦ (indicated by the arrow in C20 group) [28]. Interestingly,
compared to the diffractogram of pure δ forms of D-mannitol, the mannitol in T60 and T90
groups also contained the δ form (characteristic peak at 9.74◦ as the arrow indicated in C20
group) [28,29], which is thermodynamically less stable than the other two forms [29,30].
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Table 3. Particle size distribution of spray-dried powders. The volumetric diameter was obtained
from laser diffraction measurement (Flow rate: 60 L/min, inhaler: Breezhaler, capsule: gelatin). The
median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) was obtained
from aerosol performance analysis (Next generation impactor, flow rate: 90 L/min, duration time:
2.7 s, inhaler: Breezhaler, capsule: gelatin). Data for volumetric diameter and aerodynamic size was
presented as mean ± standard deviation (n = 3).

Sample
Volumetric Diameter Aerodynamic Diameter

D10 (µm) D50 (µm) D90 (µm) Span
Value

MMAD
(µm) GSD

C20_T60 1.21 ± 0.02 2.67 ± 0.02 5.20 ± 0.14 1.49 ± 0.03 4.29 ± 0.77 3.09 ± 0.14
C20_T90 1.20 ± 0.02 2.52 ± 0.00 4.59 ± 0.10 1.35 ± 0.05 4.28 ± 0.85 3.30 ± 0.28
C20_T120 0.76 ± 0.03 1.82 ± 0.06 3.47 ± 0.04 1.49 ± 0.07 4.58 ± 0.37 3.89 ± 0.33
C20_T150 1.66 ± 0.04 5.36 ± 0.17 10.67 ± 0.44 1.68 ± 0.03 9.85 ± 1.15 4.02 ± 0.63

C25_T60 1.32 ± 0.08 3.07 ± 0.09 6.51 ± 0.37 1.69 ± 0.07 4.46 ± 0.21 2.45 ± 0.25
C25_T90 1.16 ± 0.01 2.62 ± 0.05 5.06 ± 0.16 1.49 ± 0.03 3.38 ± 0.22 2.83 ± 0.14
C25_T120 0.97 ± 0.03 2.44 ± 0.04 4.80 ± 0.06 1.57 ± 0.03 4.28 ± 0.36 2.70 ± 0.25
C25_T150 1.28 ± 0.04 5.16 ± 0.14 11.73 ± 0.22 2.03 ± 0.03 8.79 ± 0.38 2.72 ± 0.20

C33_T60 1.57 ± 0.03 3.33 ± 0.02 6.83 ± 0.15 1.58 ± 0.05 5.29 ± 0.93 3.06 ± 0.06
C33_T90 1.49 ± 0.05 3.16 ± 0.05 6.51 ± 0.24 1.59 ± 0.05 4.74 ± 1.14 3.08 ± 0.26
C33_T120 1.08 ± 0.05 2.60 ± 0.11 5.17 ± 0.37 1.57 ± 0.07 4.32 ± 0.34 2.35 ± 0.31
C33_T150 2.16 ± 0.21 6.44 ± 0.54 15.74 ± 2.83 2.10 ± 0.25 16.59 ± 2.66 3.87 ± 0.31
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3.7. Surface Composition

The elemental composition of raw mannitol and capreomycin sulfate by the number of
atoms in the molecules (Table 4), and the molar surface capreomycin sulfate composition of
the spray-dried powders (Figure 5) were calculated. The experimentally measured fraction
of carbon was higher than the theoretical one for both capreomycin sulfate and mannitol,
while those of oxygen and nitrogen (in capreomycin sulfate only) were lower. The measured
surface proportion of sulfur in capreomycin sulfate was close to the theoretical value. The
theoretical molar proportion of capreomycin sulfate in C20, C25 and C33 groups were 5.6%,
7.0%, and 9.3%, respectively. All spray-dried formulations displayed an enrichment of
capreomycin on the surface of the particles. Among the formulations of the same drug
content, those spray-dried at 90 ◦C had the lowest capreomycin sulfate surface coverage.
Only formulations spray-dried at 120 ◦C showed a clear trend of increasing capreomycin
sulfate surface coverage with the drug load, with C33_T120 exhibiting the highest content
of capreomycin sulfate on the surface (19.2% w/w). No clear trend was observed for other
inlet temperatures.

Table 4. Theoretical and experimental percentages by the number of atoms of elements in pure
capreomycin (as sulfate) and mannitol.

Element
Raw Capreomycin (as Sulfate) Raw Mannitol

Theoretical Experimental Theoretical Experimental

Carbon 47.1 57.2 ± 0.2 50.0 52.7 ± 0.2
Oxygen 23.5 19.0 ± 0.1 50.0 47.3 ± 0.2

Nitrogen 27.5 21.7 ± 0.1 - -
Sulphur 2.0 2.1 ± 0.0 - -
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3.8. Pharmacokinetic Study

The pharmacokinetic profiles of capreomycin following IT and IV administration
(as C25_T90 powder and capreomycin solution, respectively) were compared (Figure 6)
and the pharmacokinetics parameters in plasma and lung tissue were calculated by non-
compartmental analysis (Table 5). In the plasma, the Cmax was comparable between IT
and IV group, approaching 80 µg/mL. Both groups achieved maximum capreomycin
concentration within 10 min (Tmax) after administration. However, the concentration of
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capreomycin declined at a slower rate in the IT group than the IV group until it was below
the detection limit at 4 h. Although the Kel and t1/2 of the two groups did not show any
significant difference, the CL of the IT group was significantly lower than that of the IV
group (p < 0.001 Student’s t-test), and accordingly, the MRT in the IT group was signifi-
cantly longer than in the IV group (p < 0.01 Student’s t-test). The AUC0–t and AUC0–∞ in
IT group were around two-fold higher than that in the IV group (p < 0.01, Student’s t-test).
In the lung tissues, both IT and IV group achieved Cmax within 20 min after administration.
However, the Cmax in the IT group was 40-fold higher than that in IV group (p < 0.001).
The capreomycin concentration in the lung tissue of the IT group declined very slowly
(significantly smaller Kel compared to the IT group, p < 0.001, Student’s t-test) and the drug
could still be detected after 24 h of administration. In contrast, capreomycin was no longer
detectable in the lung 1 h after IV administration, with a significantly shorter MRT in the
lung compared to the IT group (p < 0.001, Student’s t-test). The CL in the lung tissue of IT
group was significantly lower than that of the IV group (p < 0.001), while both AUC0–t and
AUC0–∞ of the IT group were 150-fold (p < 0.01, Student’s t-test) and 220-fold (p < 0.001,
Student’s t-test) higher than that of the IV group, respectively.
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Figure 6. Pharmacokinetic study of spray-dried powder formulation of capreomycin on mice. The mice in intratracheal
(IT) group were administered with capreomycin spray-dried powders (C25_T90 formulation) intratracheally with a dosage
range of 17.5–22.5 mg/kg (the average delivered dose was 20.54 ± 1.31 mg/kg). The mice in intravenous (IV) group were
administered with capreomycin solution intravenously at a dose of 20 mg/kg. Data was presented as mean ± standard
deviation. (n = 5 for each time point).

Table 5. Pharmacokinetic parameters obtained by noncompartmental analysis after administration of capreomycin by
pulmonary or intravenous route. The mice in intratracheal (IT) group were administered with capreomycin spray-dried
powders (C25_T90 formulation) intratracheally with a dosage range of 17.5–22.5 mg/kg. The mice in intravenous (IV) group
were administered with capreomycin solution intravenously at a dose of 20 mg/kg. Data was presented as mean ± standard
deviation (n = 5).

Parameters a
Plasma Lung

IT Group IV Group IT Group IV Group

Kel (h−1) 1.15 ± 0.57 2.74 ± 1.67 0.07 ± 0.04 *** 2.37 ± 0.23 b

t1/2 (h) 0.73 ± 0.33 0.34 ± 0.20 18.94 ± 20.67 0.29 ± 0.03 b

CL (mL/h·kg) 321.88 ± 81.65 *** 612.91 ± 93.46 12.99 ± 3.66 *** 2624.71 ± 157.19 b

AUC0–t (µg·h/mL) 65.10 ± 16.37 ** 32.55 ± 5.52 1061.88 ± 235.76 *** 6.71 ± 0.51
AUC0–∞ (µg·h/mL) 67.26 ± 16.92 ** 33.78 ± 5.54 1726.37 ± 658.83 ** 7.78 ± 0.46 b
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Table 5. Cont.

Parameters a
Plasma Lung

IT Group IV Group IT Group IV Group

MRT (h) 0.79 ± 0.22 ** 0.30 ± 0.11 6.62 ± 1.25 *** 0.23 ± 0.13
Cmax (µg/mL) or (µg/g) c 80.08 ± 18.84 74.89 ± 10.94 739.13 ± 180.66 *** 18.23 ± 8.34

Tmax (h) 0.15 ± 0.09 0.08 ± 0 0.27 ± 0.20 0.12 ± 0.07
a Kel, elimination rate constant; t1/2, half-life; CL, clearance; AUC0–t, area under the curve from 0 h to t; AUC0–∞, area under the curve from
0 h to infinity; MRT, mean residence time; Cmax, maximum concentration; Tmax, time at which Cmax occurs. b In the lungs of mice in the IV
group, the drug concentration fell below the detection limit quickly. Each mouse was allocated to one of the five groups in each time point
according to their body weight. Two of the five mice showed drug concentration below the detection limit at 30 min post-administration,
hence two sets of data did not have enough points to fit the linear model for the calculation of the predicted parameters by WinNonlin.
Only three sets of data were presented. c The unit of Cmax in the plasma was µg/mL and the unit of Cmax in the lung tissue was µg/g. ** or
*** Significant difference between IT group and IV group (p < 0.01 or p < 0.001, Student’s t-test).

4. Discussion

Capreomycin is the first choice of the second-line anti-TB drugs for the treatment of
MDR-TB. It is administered intramuscularly or intravenously up to 1.0 g per day, five times
per week [16,31]. The high systemic exposure of capreomycin has led to nephrotoxicity
and ototoxic effects in some patients [32,33]. To overcome the main challenge of toxicity
and inconvenient administration, pulmonary drug delivery is an attractive administration
route because it provides high drug concentration in the lungs and therefore decreases
the dose required [31]. Inhaled therapy can reduce the risk of systemic adverse effects by
targeting the drug directly to the lesion where Mtb typically reside. Despite the advantages
of inhalation therapy against TB, there is no commercial inhalable product approved for
TB. Spray drying is one of the most popular particle engineering technologies investigated
for preparing inhalable dry powder of antibiotics, including antimicrobial peptides, for
inhaled TB therapy [34–36]. It is a continuous process that is easy for scale-up and its
closed system facilitates aseptic industrial production. Furthermore, spray drying has the
advantage of having good control of particle size distribution, which is critical for inhaled
formulations [37]. However, spray-dried powders tend to have low crystallinity, which
often leads to particle aggregation and moisture absorption, rendering it unfavorable for
long term storage [38].

Among the anti-TB drugs being investigated for inhalation, only one clinical study
involved inhalable powders of capreomycin, in which safety, tolerability, and pharmacoki-
netic profile of a spray-dried formulation of capreomycin (containing drug to L-leucine at a
mass ratio of 80:20) were evaluated in healthy subjects [14]. The inhaled formulation of
capreomycin was well-tolerated, indicating that inhaled therapy of capreomycin is feasible.
However, the production process involved the use of organic solvent (50% ethanol), and the
hydrophobic L-leucine has dissolution issue. The use of organic solvent in the production
process may increase the cost of manufacture with an increased risk of irritation to the pul-
monary mucosa due to the residual solvent. Schoubbe et al. prepared capreomycin powder
formulation with a nano-spray dryer [15]. According to the aerodynamic assessment eval-
uated by the twin-stage glass impinger with the Handihaler® at the flow rate of 60 L/min,
the addition of lactose improved the respirable fraction of spray-dried capreomycin from
14% to 26%, but the large proportion of lactose in the formulation (capreomycin to lac-
tose at 1:50 mass ratio) has limited the respirable dose of capreomycin. Compared with
lactose, mannitol is a non-reducing sugar and less hygroscopic. Therefore it shows better
compatibility and stability [39]. The safety of mannitol as inhalation excipient was well
examined, and it has been used in commercial pharmaceutical protein formulations such
as Exubera®, an inhaled insulin product approved by Food and Drug Administration
(FDA) [39,40]. In addition, inhaled mannitol was also approved by the FDA as the active
pharmaceutical ingredient (Bronchitol®) for the management of cystic fibrosis. This study
aimed to develop a new inhaled powder formulation of capreomycin with mannitol by
spray drying. Different drug contents and inlet temperatures during spray drying were
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investigated to identify the optimal formulation and spray drying conditions to produce
capreomycin powders suitable for inhalation.

Both the drug content in the formulation and inlet temperature of spray drying can
influence the production yield. When the temperature was low, drying was incomplete,
leading to the adherence of droplets on the inner surfaces of the cyclone and hence low
production yield [41–43]. In the C20, C25 and C33 groups, the production yield was the
highest at the inlet temperature of 120 ◦C, above which the yield started to decline. In
the C50 group, there was a high content of capreomycin, which is amorphous in nature
with high surface adhesive property [44]. As a result, the particles, in general, were more
likely to adhere to the cyclone of the spray dryer instead of depositing in the collector vial.
The inlet temperature also influenced the residual moisture in the spray-dried powder. As
expected, spray drying at low temperature (inlet temperature of 60 ◦C) produced particles
with higher residual moisture than other groups. No clear trend was observed in the
residual moisture between T90, T120, and T150 groups. The result suggested that an inlet
temperature of 60 ◦C was insufficient for proper drying, which led to the low production
yield and high residual moisture.

The morphology of particles produced by spray drying was mainly affected by tem-
perature rather than the capreomycin content. Unlike the T60, T90 and T120 formulations,
particles of the T150 group were irregular in shape with rough surfaces. This can be ex-
plained by the different crystallization process of mannitol at different temperatures [45,46].
When the temperature reached a certain level (e.g., at 150 ◦C in this study), solvent evapo-
rated very rapidly. The high solvent evaporation rate with a low crystallization nucleation
rate rendered the feed liquid to become highly concentrated and viscous. As a result, larger
mannitol crystals with rough surfaces were formed [45,46]. In contrast, the particles of
T60, T90 and T120 groups were spherical, which have a small area-to-volume ratio that
facilitates powder dispersion by reducing aggregation [47]. The particle size distribution
was a decisive factor of the deposition site following inhalation. It is widely accepted that
particles with median aerodynamic diameters in the range of 1 to 5 µm can efficiently
deposit in the lower airways [48]. Formulation C25_T90 had the smallest MMAD of 3.38 µm,
indicating that this formulation is likely to achieve efficient lung deposition. The similar
particle size between T60, T90 and T120 groups can be explained by the particle formation
process [45,49,50]. During the drying process at lower inlet temperature (at 120 ◦C and
below), the water evaporation rate was low, and the mannitol began to crystallize once
it reached a critical concentration at the surface [45,49,50]. Therefore, the particles size
was mainly determined by the droplet size. As the droplet size after atomization was
similar between formulations with the same composition and spray drying parameters
except for inlet temperature (which was not high enough to make any difference), the
similar drying manner may produce particles with similar size [45,49,50]. In contrast,
when the inlet temperature was high enough (at 150 ◦C or above), the solvent evaporated
very rapidly, and the crystallization growth may be different due to supersaturation. The
mannitol tended to crystallize with a secondary nucleation process, for instance, using
other already crystalline particles in the spray dryer as seed, leading to a wide variation of
particle size [45]. The particles in T150 groups with rough surface may also have different
particle interaction compared to the smooth particles [45], hence affecting the resultant
particle size.

Crystallinity plays an important role in the stability of powder formulation. For pure
mannitol, the crystalline form was mainly determined by solvent evaporation rate during
spray drying [45]. According to hot stage microscopy experiments in another study, when
mannitol was heated to around 90 ◦C, the β form was dominant (95%); when mannitol was
heated to a higher temperature of around 140 ◦C, a mixture of polymorphs containing both
β form (85%) and α form (15%) were observed [45]. This phenomenon was consistent to
our T120 and T150 groups. In the presence of capreomycin, the δ form of mannitol, which
is the least stable crystalline form [51], was found in the formulations of T60 group and T90
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group. Nonetheless, the mannitol in all spray-dried powders was crystalline, suggesting
that they have good stability for long-term storage [52], but further investigation is needed.

In all spray-dried formulations, an enrichment of capreomycin at the particle surface
was observed, which can be explained by the dimensionless Péclet number (Pe; Equa-
tion (2)):

Pe =
κ

8Dj
(2)

where Dj is the solute diffusivity and κ is the evaporation rate [53,54]. A large Pe indicates
a higher droplet surface recession rate than solute diffusion inwards during droplet evapo-
ration, leading to surface enrichment by the molecule with slower diffusion rate [55]. At a
given evaporation rate, the Pe of capreomycin is higher than that of mannitol due to its
lower Dj, owing to its higher molecular weight and lower aqueous solubility, suggesting
that capreomycin precipitated first and predominantly occupied at the surface. The XPS
data were consistent with this phenomenon as more capreomycin was detected on the
particle surface than expected in all spray-dried formulations. According to Equation
(2), Pe increases with the evaporation rate, which can be achieved by increasing the inlet
temperature of spray drying and changing the mass ratio of the components [56]. Therefore,
drug surface coverage is expected to increase with the inlet temperature and drug load.
However, the capreomycin sulfate surface coverage did not exactly follow this trend. The
capreomycin sulfate surface coverage increased with drug loading in the formulation only
at 120 ◦C but varied at other temperatures. The effects of drug loading, temperature, and
their interaction on surface coverage have not been studied systematically. Mangal et al.
studied the spray-dried polyvinylpyrrolidone with different concentrations of L-leucine (0,
2.5, 5, 7.5, 10, 12.5, and 15% w/w) [57]. Their XPS results showed that the surface coverage
by L-leucine increased with its concentration and reached a plateau at 12.5% w/w. However,
this observation may be formulation dependent. More research is required to establish the
relationship between spray drying conditions, drug loading, and surface coverage.

Among all the formulations prepared in this study, C25_T90 demonstrated the best
aerosol properties in terms of FPF and MMAD with a reasonably good production yield.
This formulation was selected for subsequent pharmacokinetic study in animals. The
inhaled formulation of capreomycin was designed for high local concentration in the lung
with reduced systemic adverse effects. The minimum inhibitory concentration (MIC) of
capreomycin in liquid or on solid media is 1.25 to 2.5 µg/mL [58]. In the pharmacokinetic
study, when administrated through pulmonary delivery, the capreomycin concentration
in the lungs of mice were higher than the MIC and remained stable at around 20 µg/g
from 6 to 24 h post-administration (8-fold higher than the MIC). As the lung is the pri-
mary site of Mtb infection, maintaining capreomycin concentration within the therapeutic
window for an extended period in the lung can combat the bacteria more effectively [14].
Drug resistance can develop when the intracellular drug concentration does not reach the
microbiologically active level during TB treatment [59]. Inhaled drug particles deposited
in the deep lung would be ingested and phagocytosed by the alveolar macrophages and
dendritic cells where the Mtb typically reside [8,60], resulting in high drug concentration in
the infected cells. In addition, these drug-containing alveolar macrophages may migrate to
the periphery of lung granulomas and facilitates the delivery of drug to the mycobacteria
inside granulomas, where it was hard for the drug to achieve therapeutic concentration via
circulation through injection [59]. According to the pharmacokinetics and pharmacodynam-
ics studies of inhaled capreomycin particles in guinea pig model [2,12], animals receiving
capreomycin by inhalation showed significantly higher drug concentration in the lungs
and bronchoalveolar lavage fluid than intramuscular injection. Moreover, insufflation with
high dose of capreomycin (14.5 mg/kg capreomycin) could lighten the bacterial burdens
(CFU/mL) in the lungs more efficiently compared to intramuscular injection. High local
drug concentration not only can reduce bacteria load in the lung, but more importantly,
minimize the possibility of airborne transmission of bacteria to other individuals [59].
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The inhaled formulation of capreomycin can achieve comparable drug concentration
to capreomycin solution administrated by IV injection in the plasma through alveolar-
capillary absorption, indicating that it can also treat extrapulmonary TB infection [14].
Capreomycin is associated with nephrotoxicity and ototoxicity, similar to the aminoglyco-
sides [33,61]. The higher AUC in both the plasma and the lung obtained from the mice in IT
group compared to IV group suggested that inhaled formulation of capreomycin showed
higher bioavailability. To achieve comparable drug efficacy, a lower dose can be used,
leading to less systemic exposure, and reduced adverse effects. The slower clearance and
longer mean residence time in the mice of IT group indicated that capreomycin received by
inhalation eliminated slower than by intravenous injection, which may help to reduce the
dosing frequency. With the favorable aerosol properties and pharmacokinetic profile of
C25_T90 formulation, further study on its antibacterial effect in vivo is warranted.

5. Conclusions

Powder formulations containing different mass ratios of capreomycin to mannitol
were prepared by spray drying at different inlet temperatures. Both factors influenced
the production yield and residual moisture of the spray-dried powder. To achieve a good
production yield, the formulation should have capreomycin content below 50% (w/w) and
spray-dried at an inlet temperature of 90 ◦C or above. Except for the T150 groups, all spray-
dried formulations in this study displayed spherical morphology with smooth surface
and similar particle size distribution. Among all the formulations, C25_T90 exhibited
the best aerosol performance with the MMAD of 3.38 µm and FPF approaching 65%.
This formulation not only showed better aerosol properties than the other two reported
dry powder formulations of capreomycin but also with simpler and organic solvent-free
preparation process. The pharmacokinetics study on healthy mice indicated that higher
maximum concentration was achieved in the lung of mice receiving inhaled powder
formulation than those receiving capreomycin solution by intravenous injection. Up to 24 h
post-administration of the inhaled powder formulation, the drug concentration in the lungs
was 8-fold higher than the MIC. Inhaled capreomycin formulations also showed slower
clearance in the plasma than IV injection. While long-term stability and pharmacodynamic
study remains to be investigated, this spray-dried formulation of capreomycin is promising
for use in inhaled TB therapy.
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Abstract: Marketed dosage forms fail to deliver anti-tubercular drugs directly to the lungs in pul-
monary Tuberculosis (TB). Therefore, nanomediated isoniazid (INH)-loaded dry powder for inhala-
tion (Nano-DPI) was developed for macrophage-targeted delivery in TB. Mannosylated chitosan
(MC) and hyaluronic acid (HA) with an affinity for the surface mannose and CD44 receptors of
macrophages were used in conjugation to prepare hybrid nanosuspension by ionic gelation method
using cross-linker, sodium tri-polyphosphate (TPP) followed by freeze-drying to obtain a dry powder
composed of nanoparticles (INH-MC/HA NPs). Nanoformulations were evaluated for aerodynamic
characteristics, cytotoxicity, hemocompatibility, macrophage phenotype analysis, and immune regu-
lation. Cellular uptake imaging was also conducted to evaluate the uptake of NPs. The nanopowders
did not pose any significant toxicity to the cells, along with good compatibility with red blood cells
(RBCs). The pro-inflammatory costimulatory markers were upregulated, demonstrating the activa-
tion of T-cell response. Moreover, the NPs did not show any tolerogenic effect on the macrophages.
Furthermore, confocal imaging exhibited the translocation of NPs in the cells. Altogether, the findings
present that nano-DPI was found to be a promising vehicle for targeting macrophages.

Keywords: dry powder inhaler; immune regulation; inhalation; isoniazid; mannose conjugation;
macrophage phenotype; next-generation impactor; tuberculosis

1. Introduction

Tuberculosis (TB) remains one of the main causes of death globally, which are estimated
to be 1.2 to 1.4 million per year according to WHO, despite the advancement in therapeutics
and diagnostics [1]. TB poses a serious socio-economic burden on developing and under-
developed countries. Out of all the reported TB pathologies, pulmonary TB contributes
to 80% of pathogenesis [2]. The onset of pulmonary TB occurs after the inhalation of
Mycobacterium tuberculosis (M.Tb). Though M.Tb, microorganisms can be captured by
mucous-secreting goblet cells in most instances, they bypass the mucociliary clearance
system and are deposited by phagocytosis as a result of interaction between M.Tb surface
lipoarabinomannan and surface mannose receptors of alveolar macrophages (AM). Hence,
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M.Tb finds AM to be its niche for survival and reservoir for replication due to inhibition
of phagosome-lysosome fusion [3]. Moreover, the TB microenvironment also facilitates
the growth and survival of M.Tb. TB is spreading at an alarming rate due to a lack of
patient-adherent therapeutic options and long-term duration of treatment (6 months) with
standard therapy. Moreover, the mycobacteria in low proliferative phases and multi-drug
resistant strains need more prolonged treatment of over 24 months. The only available
option is the vaccine (Bacille Calmette-Guerin, BCG), but it also fails in people sensitized to
M.Tb [4]. Among other challenges are the inadequate delivery of effective anti-tubercular
agents to the site of infection along with an off-site accumulation of drugs leading to
organ toxicity.

Conventional drug delivery systems fail to deliver anti-tubercular drugs to the alveolar
region because of indirect delivery via blood. Consequently, innovative approaches need to
be fabricated for effective pulmonary drug delivery without off-target accumulation. As the
causative agent resides in the host AM, a suitable inhalation system with an excellent aero-
dynamic profile must be designed to achieve a targeted delivery, which might reduce the
dosage frequency. Inhalable nanosystems have been widely and successfully investigated
in the past as well with different compositions. Among them, the polymeric nanosystems
are advantageous because of their attribute of encapsulating both the hydrophilic and
hydrophobic drugs, controlled release profile, desirable pharmacokinetic outcomes, and
ability to translocate across the biological barriers [5]. Polymeric nanocarriers comprised
of polymers such as alginate, chitosan, [poly (DL-lactide-co-glycolide)] (PLGA), tri-block
poly (ethylene glycol) (PEG)-poly (ε-caprolactone) (PCL), etc., have shown promising out-
comes in the delivery of nanoparticles (NPs) to the lungs with localized drug release over
a long time with minimal cytotoxicity and good therapeutic outcomes [6–11]. For this
purpose, nanotechnology-based dry powder for inhalation (nano-DPIs) can be a promising
opportunity that needs extensive research for bench-to-bedside availability.

Surprisingly, the registered patents (US20200289667A1, US20170319699A1) have al-
ready been exploiting the potential of NPs to target macrophages in different diseases.
Moreover, the phagocytic feature of AM can be exploited by developing therapies targeted
at intra-macrophage infections such as TB. This property can be probed by altering the
physical, chemical, and surface characteristic of the NPs [12]. Thus, here we have developed
a nano-DPI system using polymers for the optimistic therapy of TB. Antigen-presenting
cells (APCs) such as macrophages have overexpression of surface receptors such as CD44
and mannose receptors that can be targeted by developing the nanosystems constituted of
polymers serving as a ligand to these receptors. Mannose receptors have a pivotal function
in the regulation of adaptive immune response. It is proposed that mannose receptor-
mediated endocytosis of mannose conjugated nanoparticles can stimulate an enhanced
immune response [13,14].

Based on the idea of targeting the surface receptors of macrophages, suitable polymers
were chosen. Hyaluronic acid (HA) is an immune-compatible polymer that also protects
against pulmonary injury [15] with an affinity for the CD44 receptors on the macrophages.
HA also performs a vital role in the growth of epithelial cells and macrophages [16].
Similarly, chitosan (CS) is derived from marine origin and demonstrates no toxicity to
human cells along with biodegradability. Hence, it was the polymer of choice for mannose
conjugation to synthesize mannosylated chitosan (MC). Oligosaccharides with terminal
mannose on microorganisms can bind to the macrophage mannose receptor and allow their
endocytic transport in the cells. This can be correlated with the use of mannose-conjugated
polymeric nanoparticles for the intra-macrophage delivery of anti-tubercular drugs by
exploiting surface mannose receptors for a T-cell immune response [17]. The use of MC not
only facilitates mannose-targeted drug delivery but also promotes controlled drug release.
Hence, in this work, we describe the pulmonary drug delivery nanopowder (the powders
obtained after drying of the nanosuspensions) to potentially reach the infected AM by
using biodegradable polymers. DPIs are propellant-free and cost-effective drug delivery
devices for the pulmonary administration of drugs for local or systemic infections. The
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developed nanopowder was characterized in terms of the aerodynamic parameters and
powder morphology. The nanopowder composed of MC and HA was compared with the
CS and HA nanopowder in this study. The sole purpose of this comparative study was to
evaluate if the synthetic polymer (MC) has any peculiar off-results in terms of cytotoxicity
and T-cell pathway stimulation as compared to the natural CS.

2. Materials and Methods
2.1. Materials

Isoniazid (INH) [IUPAC: Isonicotinylhydrazide] from Pannon Pharma Kft (Hungary).
Sodium hyaluronate equivalent to 1.5–1.8 × 106 Da (Hyaluronic acid) from Contipro
Biotech (Czech Republic). Chitosan (CS) [75–85% deacetylated, low molecular weight,
50–190 kDa, Poly(D-glucosamine)] and 4′,6-diamidino-2-phenylindole (DAPI) dye from
Sigma-Aldrich (St. Louis, MO, USA). Macrophage Raw 264.7 and A549 cell lines were
obtained from ATCC (Manassas, VA, USA). Granulocyte-macrophage colony-stimulating
factor (GM-CSF), Allophycocyanin (APC)-conjugated anti-human CD83 (CD83-APC), and
Phycoerythrin (PE)-conjugated anti-human CD80 (CD80-PE) were purchased from Mil-
tenyi Biotec (Bergisch Gladbach, Germany). Ficoll-Paque TM PLUS (density 1.077 g/mL)
was purchased from GE Healthcare Bioscience AB (Chicago, IL, USA). Dulbecco’s modi-
fied Eagle’s medium (DMEM) and Roswell Park Memorial Institute medium (RPMI-1640)
were purchased from GIBCO® (Thermo Fischer Scientific, Bedford, MA, USA). Sodium tri-
polyphosphate (TPP) from Alfa Aesar (Thermofischer, Munich, Germany). Trifluoroacetic
acid (Merk Schuchard OHG), 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) cell proliferation assay kit was provided by BioVi-
sion (Milpitas, CA, USA). Sodium dodecyl sulfate (SDS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and 4-Dimethylamino benzaldehyde were obtained
from Sigma-Aldrich (Chemie GmbH, Steinheim, Germany). Fetal Bovine Serum (FBS)
and PSG (100 u/mL penicillin, 0.1 mg/mL streptomycin, and 2 mM L-glutamine) were
purchased from Invitrogen(Carlsbad, CA, USA). Glacial acetic acid (GAA) was purchased
from Molar Chemicals Kft (Hungary). For in vitro experiments, sterile and autoclaved
materials were used. All the chemicals were of high purity or reagent grade.

2.2. Synthetic Procedure

MC polymer was synthesized by our previously reported method [18]. The synthetic
procedure is, however, briefly mentioned in the supplementary file. The number of man-
nose groups on MC was quantified after synthesis. In short, the polymer was hydrated and
put into the 96-well plate. Totals of 20 µL of resorcinol, 100 µL of sulfuric acid, and 50 µL
of pristane (2,6,10,14-tetramethyl-pentadecane) were added to each well. The well plate
was kept at 90 ◦C for 20 min, and the optical density (OD) was read by a microplate reader
(PerkinElmer, Waltham, MA, USA) at 450 nm.

2.3. Characterization of Polymer

The synthesized polymer MC was characterized by Fourier Transform infra-red spec-
troscope (FTIR) (Thermo Nicolet AVATAR 330, Waltham, MA, USA). IR spectra were
acquired by the KBr disc method at 4 cm−1 resolution at the wavenumber range of
400–4000 cm−1 at room temperature (RT). Moreover, the 1H NMR spectroscopy (Bruker
BRX-500) was performed in deuterated DMSO to analyze the polymer.

2.4. Preparation of Nanoparticles

For the preparation of nanoparticles, the polymer MC was solubilized in 0.5 M glacial
acetic acid solution, and HA was dissolved in water. The pH of the polymeric suspension
was maintained at 4.9. Following the ionic gelation technique, TPP (0.5–2 mg/mL) was
used as a cross-linker to facilitate the ionic interaction between the positively charged
amino groups of MC and the anionic charge on HA [19]. TPP was added dropwise to the
polymeric suspension consisting of HA and MC. After thorough stirring, INH (10 mg, 10%
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of oral dose) was added dropwise to the polymeric nanosuspension. The nanosuspension
was probe sonicated followed by stirring overnight to obtain a uniform consistency. A
similar procedure was used to develop the CS-based nanosuspensions. Rhodamine-B
(Rh-B)-labeled NPs were obtained by replacing INH with the fluorescent dye and later
dialyzed against deionized water for three days to remove the unattached dye.

2.5. Freeze-Drying to Obtain Nanopowders

The prepared nanosuspensions were freeze-dried in Scanvac, Coolsafe 100-9 prototype
apparatus (LaboGeneApS, Lynge, Denmark) to obtain the dry powders for inhalation.
Four percent trehalose (v/v) was added to the liquid samples before lyophilization. The
pressure of the chamber was maintained at 0.01 mbar throughout the process. Table 1
shows the process parameters recorded over time using a computer program attached to
the instrument.

Table 1. Process parameters are taken into consideration during the process of freeze-drying.

Process Time (h:min) Chamber Pressure (mbar) Product Temperature (◦C) Shelf Temperature (◦C)

Freezing
01:30

-
−20

−4002:30 −20 to −26
03:45 −26 to −39

Primary drying
04:00

0.01
−39 to −37 −25

06:10 −37 to −31 −20
09:40 −31 to −27 0

Secondary drying
16:00

0.01
−27 to −14 +9

21:10 −14 to −6 +22
40:15 −6 to −2 +30

2.6. Particle Size, Polydispersity Index (PDI), and Surface Charge

Parameters such as particle size, polydispersity index (PDI), and zeta potential were
analyzed by the Malvern zeta sizer Nano ZS (Malvern instrument, Worcestershire, UK).
The nanopowders were redispersed in purified water before analysis. All experiments
were performed in triplicate and are expressed as mean ± SD.

2.7. Encapsulation Efficiency (EE)

The encapsulation efficiency (EE) of the nanosuspensions was evaluated by an indi-
rect method using a supernatant. The supernatants were collected after centrifuging the
nanosuspensions at 15,000 g for 30 min. The obtained supernatants were spectrophotomet-
rically analyzed at 264 nm, and Equation (1) was used to calculate the % EE. The percentage
of drug loading (DL) was also determined, which is the percentage of the actual mass of
the drug loaded in the nanopowder to the total acquired mass of the nanopowder, as given
by Equation (2)

% Encapsulation Efficiency = (Total drug-Free drug)/(Total drug) × 100 (1)

% Drug Loading = (Mass of drug loaded in NPs)/(Total mass of NPs) × 100 (2)

2.8. Morphological Examination

Nanopowders were studied for their surface morphology by using Scanning Electron
Microscopy (SEM) (Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan) at 2.0–5.0 kV.
Throughout imaging, the pressure of the air was maintained at 1.3–13.0 mPa.

2.9. Colloidal Stability at Storage Conditions

The nanosuspensions before freeze-drying were kept at working and storage tempera-
ture (25 ◦C) for 1 month. The average particle size and PDI were determined after certain
time points.
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2.10. In Vitro Aerodynamic Profile by Next-Generation Impactor (NGI)

Next-Generation Impactor (NGI) (Copley Scientific Limited, Nottingham, UK) setup
was employed for the assessment of the aerodynamic profile of the freeze-dried sample,
INH-MC/HA NPs. Only the mannosylated sample was tested and compared with the
results from previous studies by our group. This is the standard method for the determina-
tion of the size distribution of particles dispensed from DPIs on collection trays based on
aerodynamic size. An optical microscopic method was conjoined with an impactor for the
evaluation of particles deposited on each collection tray [20]. Figure 1 shows the measure-
ment setup, which was used for the testing with the NGI. In the measurements, an in-house
developed breath simulator generated the breathing waveform (red arrows), an induction
port acted as the upper respiratory tract, and a vacuum pump (HCP5 High-capacity pump;
Copley Scientific Ltd., Nottingham, UK) with a critical flow controller (TPK 2000; Copley
Scientific Ltd., UK) maintained the constant flow along the blue arrows, which delivered
the particles from the DPI to the impactor. The compressor compensated for the losses
in the system. The mixing inlet (Copley Scientific Ltd., Nottingham, UK) provided the
interface between the flow, which activated the DPI, and the main flow that delivered the
particles to the NGI device. The NGI determines the aerodynamic size distribution of the
particles by the impaction method. The sample flow rate of the NGI was maintained at
90 L/min, which was regularly checked during the measurements with a TSI 4000 thermal
mass flow meter [20]. The direction of airflow indicated by arrows is similar to that of
the working of the Aerodynamic Particle Sizer (Figure S1). The nanopowder equivalent
to 10 mg INH (10% of the recommended oral dose) was loaded into the hydroxypropyl
methylcellulose (HPMC) capsules (transparent, size 3, ACG) and was dosed through the
Breezhaler® (Novartis) dry powder inhalator device. After the experiment was run, the
fine particle fraction (FPF < 3) was calculated, which represents the percentage of particles
smaller than 3 µm and denotes the settling of particles in the deeper parts of the lungs.
The mass median aerodynamic diameter (MMAD) was also determined, which is defined
as the median particle diameter of the particles settled in the NGI. This was evaluated by
the logarithmic aerodynamic diameter of the particles between stages 2 and 3 versus the
interpolation of the percentage undersize [21]. In general, MMAD is the cut-off diameter at
which 50% of the deposited particles are smaller or larger by mass.

Moreover, the aerodynamic size was analyzed by time-of-flight measurements in an
accelerated flow through an Aerodynamic Particle Sizer (APS-TSI 3321, Shoreview, MN,
USA). As a breath simulator, we used an in-house developed pulmonary waveform gener-
ator. It uses a piston pump driven by a programmable logic controller (PLC)-controlled
servo motor to generate the inhalation and exhalation air flows (Figure S1). The inhalation
volume spans from 0.1 to 6800 cm3. The time resolution of the inhalation profile can be set
to 20, 50, and 100 ms. The inhalation waveform programmed into the breathing simulator
was generated according to the literature (Figure S2) for the measurements [22,23].

2.11. Isolation of Monocytes and Differentiation into Macrophages

After informed consent was obtained, the heparinized blood was collected from the
healthy donors. The identity of the donors was kept anonymous. The buffy coats were
donated by the Organ and Blood Donation Agency (ADOS; Santiago de Compostela, Spain).
The Ficoll density gradient separation method was employed to isolate peripheral blood
mononuclear cells [24]. In brief, blood was poured into a 50 mL tube in the laminar flow
cabinet. The blood was diluted with PBS (1:1) at maintained RT. This diluted blood was care-
fully added to Ficoll-PaqueTM PLUS at a blood/Ficoll ratio of 2:1. Human peripheral blood
mononuclear cells (PBMC) were isolated after centrifugation (Allegra X-12R, Beckman
Coulter) at 400 g for 30 min at RT on deceleration mode. The upper layer was discarded,
leaving behind the PBMC layer, which was carefully transferred to 50 mL centrifugation
falcon tubes. The PBMC layer was washed with PBS using centrifugation at 300 g for 10 min
to improve the purity by removing the remaining Ficoll media. The obtained cells were
then resuspended in an R2 medium (RPMI-1640 supplemented with 2% heat-inactivated
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FBS and 1% of PSG). A total of 10 mL of the cells was seeded into a 75 cm2 cell culture flask
for 2 h (37 ◦C, 5% CO2) by maintaining the density of cells at 1.2 × 106 cells/mL. After this
time, the non-adherent cells, peripheral blood lymphocytes, were washed with PBS and the
attached monocytes were cultured for 3 days in R10 media (RPMI-1640 supplemented with
10% heat-inactivated FBS and 1% of PSG). After 3 days, the media was replaced with R10
media (RPMI-1640 supplemented with 10% heat-inactivated FBS, 1% of PSG, and cytokines
(GM-CSF at 100 ng/mL)) for the differentiation of monocytes to macrophages.
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2.12. Cytotoxicity Studies

Before experiments, the cell lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-
streptomycin-glutamine (PSG). The culture media was replaced after every 2–3 days to
maintain the cell confluency. The cultured cells were incubated at 37 ◦C and 5% CO2 in a
humidifier chamber.

2.12.1. Cytotoxicity on A549 Cells

MTT assay was performed for the evaluation of the cytotoxic effect of NPs on the
cells. A549 cells (adenocarcinoma human alveolar basal epithelial cells) were used as a
model for alveolar type II cells, as these cells predominantly constitute the pulmonary
alveolar epithelia [25]. For this purpose, A549 cells were seeded and cultured at a density
of 4 × 104 cells/well in 96-well culture microplates. Later, the formulations, namely INH,
blank CS/HA NPs, blank MC/HA NPs, INH-CS/HA NPs, and INH-MC/HA NPs, were
added in different concentrations to the cultures and incubated for 24 h at 37 ◦C. After
incubation for 24 h, 20 µL of MTT was added to each well, and the culture plates were again
incubated for 4 h. Next, 100 µL of sodium dodecyl sulfate solution (10% in 0.01 M HCl)
was added to the well plates to dissolve the formed formazan crystals. OD was measured
using an EZ READ 400 ELISA reader (Biochrom, Cambridge, UK) at 550 nm (ref. 630 nm).
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Untreated cells with 100% viability were used as a control. All the evaluations were performed
in triplicate. The relative cell viability was calculated using the following Equation (3),

Cell viability (% control) = (Absorbance of sample)/(Absorbance of control) × 100 (3)

2.12.2. Cytotoxicity on Raw 264.7 Cells

Again, an MTT assay was performed to evaluate the cytotoxic effect of the formulations
on the Raw 264.7 cells, which were cultured in the sterile flat-bottom 96-well tissue culture
plates at a density of 1 × 104 cells/well for 24 h. The culture media was replaced with
the different concentrations of nanopowder samples (100 µL final volume, dissolved in
supplemented media) on the following day. Following incubation for 24 h, 10 µL of MTT
(dissolved in phosphate buffer saline (PBS)) at 5 mg/mL concentration) was added to the
wells. Well culture plates were incubated for 4 h at 37 ◦C without light. Afterward, the
MTT solution was discarded, and the formazan crystals were dissolved by the addition of
100 µL of acid isopropanol (0.04 N HCl in isopropanol). The OD of the plates was read after
10 min at the wavelength of 570 nm (Reference wavelength 630 nm) using a microplate
reader (Synergy H1 Hybrid Multi-Mode, BioTek, Winooski, VT, USA) to determine the
cell viability using Equation (2). Untreated cells served as a negative control, and sodium
dodecyl sulfate (SDS) was used as a positive control [26].

2.12.3. Cytotoxicity on Human Macrophages

An MTS assay was performed to determine the cytotoxic effect of INH, blank CS/HA
NPs, blank MC/HA NPs, INH-CS/HA NPs, and INH-MC/HA NPs on the primary
macrophage culture. Monocyte-differentiated macrophages were seeded onto the 96-well
microplate at a density of 1.10 × 105 cells/mL and incubated for 24 h. Later, the media
was replaced by the different concentrations of the samples and incubated for 24 h under
standard sterile conditions (37 ◦C, 5% CO2). A total of 10 µL of MTS reagent was then
added to the well plates and incubated for 4 h. The absorbance was then measured at
490 nm using a microplate reader (Synergy H1 Hybrid Multi-Mode, BioTek, Winooski,
VT, USA). Macrophages in culture media (0% toxicity) served as a negative control, and
SDS was used as a positive control (100% toxicity). Equation (2) was used to calculate the
viability of cells.

2.13. Confocal Imaging for Visualization of Uptake of NPs in A549 and Raw 264.7 Cells

The uptake of NPs was analyzed through confocal laser scanning microscopy. Briefly,
A549 cells and Raw 264.7 cells (8 × 104 cells/mL) were seeded onto the individual Lab-
Tek® chambered #1.0 Borosilicate cover glass system (0.8 cm2/well). After 24 h, the
cell culture media was replaced with 300 µL of Rh-B labeled NPs in a concentration of
10 µg/mL and incubated with cells for 2 h. The cells were washed thrice with PBS, and 4%
paraformaldehyde was added to fix the cells and allowed to incubate for another 15 min.
The cells were again washed with PBS three times followed by the addition of DAPI
(300 µM, 1:500 in PBS) nucleus dye and incubated for 50 min. A549 and Raw 264.7 cells
without the addition of formulations were used as controls. Following washing with PBS,
the mounting media was added to the chamber, and imaging was performed by confocal
microscope (Leica SP5, Mannheim, Germany). Rhodamine Ex: 546 nm/Em: 568 nm; DAPI
Ex: 359 nm/Em: 457 nm.

2.14. Human Macrophage Phenotype Analysis

NPs were incubated with blood-derived macrophages in a 48-well plate at a final
concentration of 10 µg/mL for 24 h. Cells were washed with PBS twice (400 g, 6 min at
RT) to remove NPs. Later, the cells were resuspended in PBS and stained with an optimal
concentration of different antibodies (CD83-APC and CD80-PE) for 25 min at −4 ◦C in the
dark [27]. The cells were washed with PBS again (400 g, 6 min RT) and resuspended in PBS,
and kept on ice until measurement. The level of maturation markers was then quantified
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by flow cytometry in a BD FACSCalibur cytometer. Flowing software (Cell Imaging Core,
Turku Centre for Biotechnology) was used to analyze the data. The data have been shown
as the ratio between the mean fluorescence intensity (MFI) of the corresponding markers in
macrophages incubated with NPs and the MFI of macrophages incubated in culture media.

2.15. Tolerogenic Effect of NPs in Macrophages

2,3-Indoleamine dioxygenase (IDO) expression was assessed in the macrophages after
their exposure to NPs. The enzyme, IDO, is involved in the catabolism of tryptophan, which
is pivotal for the growth of microorganisms and, therefore, directly influences the T-cell
tolerance [28]. Moreover, IDO is an immune-suppressive enzyme in macrophages with the
function of catabolizing tryptophan into its metabolite, kynurenine, which is responsible
for the apoptosis of Th1 cells in vitro. Hence, the IDO assay quantifies the kynurenine in
culture media. The study was conducted to evaluate the tolerogenic response of the NPs on
macrophages by using the described methods [29]. Briefly, cells were seeded onto a 48-well
plate, followed by their incubation with different formulations in a final volume of 0.5 mL.
Four hours before the end of the culture period, 1.25 µL of L-tryptophan (100 µM) was
added to the medium. A total of 30% trifluoroacetic acid (2:1 v/v) was mixed with culture
media (obtained after the centrifugation of cells at 10,000 g, 5 min at RT) to precipitate the
cell debris in another round of centrifugation with the aforementioned parameters. Ehrlich
Reagent was added to acquire supernatant, and absorbance was read using a microplate
reader at 490 nm.

2.16. Hemolysis Assay

Fresh blood from four human donors was collected in the acid citrate dextrose (ACD)-
containing tubes. The blood was washed thrice with PBS by centrifugation at 250 g
for 5 min, and the red blood cells (RBCs) pellet was collected while the supernatant plasma
was discarded. The obtained RBCs pellet was diluted with PBS, and the RBCs suspension
was seeded onto a 96-well plate and incubated with NPs for 4 h and 24 h at 37 ◦C. Triton-
X 100 (1% v/v) and PBS were kept as positive and negative controls, respectively. The
absorbance of the samples was measured at 570 nm using a microplate reader (Synergy H1
Hybrid Multi-Mode, BioTek, Winooski, VT, USA), and % hemolysis was calculated using
Equation (4),

% hemolysis = (Absorbance of sample-Absorbance of negative control)/
(Absorbance of positive control-Absorbance of negative control) × 100

(4)

2.17. Statistical Analysis

All the experiments were performed in triplicate unless otherwise stated. All the
results are expressed as mean ± standard deviation. GraphPad Prism v.6.01 software
(GraphPad Software Inc., San Diego, CA, USA) was used for data analysis. A two-way
ANOVA test in combination with Dunnett’s multiple comparisons tests was used to present
the difference between donor groups.

3. Results
3.1. Characterization of Polymer

The mannose groups on the MC polymer were quantified to be 232 ± 13 µM per gram.
The NMR analysis (Figure 2) demonstrated the mannose conjugation to CS with a peak
at 4.03 ppm (the methylene protons of the mannose sugar) [30]. The signals at 2.404 ppm
corresponded to the protons of the CH2-group, indicating the linking bridge (acetamido
group) between mannose and chitosan by Schiff’s base reductive amination [31]. The peak
for the methyl group of the non-deacetylated part of CS was observed at 1.631 ppm, and
the amine group of CS corresponded to 0.859 ppm [32].
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Moreover, FTIR spectra (Figure S3) presented the IR peak at 3351.69 cm−1, correspond-
ing to amide bond stretch in MC as a result of conjugation of mannose to the unmodified
polymer. The peak at 1780 cm−1 presented COO symmetric stretching, and COO asymmet-
ric stretching was seen at 1200 cm−1. Further, the NH2 band was observed at 1032.73 cm−1,
followed by the amide bond formation fingerprint peak in MC at 1100 cm−1 [33]. Moreover,
the peak of mannose stretch can also be seen at 850 cm−1. The peak at 1600 cm−1 was
characteristic of CO-NH2 in CS, whereas the peak at 3500 cm−1 demonstrated OH bond
widening [34].

3.2. Freeze-Dried Nanopowders

The average particle size of the drug-loaded MC/HA NPs was found to be 303 ± 16.2 nm.
In the past, nanoparticles within the size ranges of 200–350 nm have shown promising
uptake into the macrophages [35–37]. Moreover, it has been reported that particles be-
low 250 nm size present reduced uptake by the alveolar macrophages and pulmonary
endothelial cells [38].

Besides the particle size, the PDI value, 0.179 ± 0.04, was also found to be promising
for the INH-MC/HA NPs in comparison to the CS-based samples. The PDI value of less
than 0.2 is considered to be ideal in the case of polymeric drug delivery nanovehicles [39].
Hence, the nanopowder was monodispersed with a narrow size distribution. The positive
zeta potential was also considered favorable for the high stability of the nanopowders.
Further, the cationic-charged moieties have high intracellular uptake efficiency in the
macrophages, followed by pulmonary inhalation [40]. Table 2 enlists some parameters of
the nanopowders.

3.3. Morphological Examination

SEM micrographs (Figure 3) displayed the smooth morphology of the freeze-dried
nanopowders with a narrow size distribution from a working distance of 12.8 and 14.2 mm.
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Likewise, the NPs were scattered uniformly. Blank-CS/HA NPs presented small patches of
aggregation that might have been due to remnants of free TPP [41].

Table 2. Physicochemical attributes of nanopowders.

Samples Average Particle Size (nm) PDI Zeta Potential (mV) Encapsulation Efficiency (%) Drug Loading (%)

CS/HA NPs 310 ± 21 0.231 ± 0.12 30.3 ± 9.05 - -
INH-CS/HA NPs 342 ± 08 0.301 ± 0.17 29.5 ± 2.01 90.18 ± 1.01 23.5 ± 1.29

MC/HA NPs 298 ± 11 0.116 ± 0.01 30.6 ± 3.79 - -
INH-MC/HA NPs 303 ± 16 0.179 ± 0.04 34.3 ± 6.03 92.31 ± 2.06 25.9 ± 2.11
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Figure 3. SEM micrographs of INH-CS/HA nanopowder (a,c) and INH-MC/HA NPs (b,d) were
obtained separately with the 1 and 5 µm scale bars.

3.4. Colloidal Stability

The colloidal stability was evaluated for 1 month to demonstrate the minimum sta-
bility for operational purposes (Figure 4). Nanosuspensions demonstrated aggregation in
the case of a long storage time. However, the average particle sizes were not significantly
altered, which might be the reason for inconsistency in the individual readings. Moreover,
the nanosuspensions were not sonicated before evaluations to get the real-time behavior.
The PDI of the nanosuspensions was, therefore, increased proportionally to each time
interval. However, most of the samples had PDI index values ≤ 0.5, which are consid-
ered appropriate for mono-disperse nanosystems [42]. Furthermore, freeze-drying was
employed to guarantee long-term stability.

3.5. In Vitro Aerodynamic Profile

NGI was used to assess the aerodynamic size distribution of the particles from DPI via
Breezhaler®. The amount of powder in each stage was determined by the optical method.
The mannosylated dry powder sample demonstrated favorable results in terms of mass
size distribution. First, the data were obtained from the APS by maintaining setting channel
bounds according to the cut-off sizes of NGI plates. Later, the powder was evaluated for
mass size distribution by NGI, and results were acquired based on the surface coverage
of the collection plates. As shown in Figure S4, the highest fraction of particles in the dry
powder system was within the range of 1.37–2.3 µm, as determined by APS with settings
according to NGI. Later, the results obtained from NGI (Figure 5) confirm the data from
APS, i.e., the size distribution was correlated to the previous measurement, and the average
mass size distribution of the particles was within the same range of 1.37–2.3 µm, exhibiting
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deposition in the peripheral airways (terminal bronchioles and alveoli). The average of
all the results (performed four times) is shown in Table S1. Thirty-five percent of FPF was
found to be less than <3, highlighting that this ratio of the nanopowder was deposited in the
deeper lung. MMAD was calculated to be 2.7 µm, which explains that a higher proportion
of the particles demonstrated good aerodynamic behavior in terms of the surface properties
of the particle.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 11 of 20 
 

 

the nanosuspensions were not sonicated before evaluations to get the real-time behavior. 
The PDI of the nanosuspensions was, therefore, increased proportionally to each time in-
terval. However, most of the samples had PDI index values ≤ 0.5, which are considered 
appropriate for mono-disperse nanosystems [42]. Furthermore, freeze-drying was em-
ployed to guarantee long-term stability. 

 
Figure 4. Stability of the nanosuspensions with the relative change in particle size (nm) and poly-
dispersity index (PDI) at 15-day-intervals over one month. Results are expressed as mean ± S.D, 
performed in triplicate. 

3.5. In Vitro Aerodynamic Profile 
NGI was used to assess the aerodynamic size distribution of the particles from DPI 

via Breezhaler®. The amount of powder in each stage was determined by the optical 
method. The mannosylated dry powder sample demonstrated favorable results in terms 
of mass size distribution. First, the data were obtained from the APS by maintaining set-
ting channel bounds according to the cut-off sizes of NGI plates. Later, the powder was 
evaluated for mass size distribution by NGI, and results were acquired based on the sur-
face coverage of the collection plates. As shown in Figure S4, the highest fraction of parti-
cles in the dry powder system was within the range of 1.37–2.3 µm, as determined by APS 
with settings according to NGI. Later, the results obtained from NGI (Figure 5) confirm 
the data from APS, i.e., the size distribution was correlated to the previous measurement, 
and the average mass size distribution of the particles was within the same range of 1.37–
2.3 µm, exhibiting deposition in the peripheral airways (terminal bronchioles and alveoli). 
The average of all the results (performed four times) is shown in Table S1. Thirty-five 
percent of FPF was found to be less than < 3, highlighting that this ratio of the nanopowder 
was deposited in the deeper lung. MMAD was calculated to be 2.7 µm, which explains 
that a higher proportion of the particles demonstrated good aerodynamic behavior in 
terms of the surface properties of the particle. 

Figure 4. Stability of the nanosuspensions with the relative change in particle size (nm) and poly-
dispersity index (PDI) at 15-day-intervals over one month. Results are expressed as mean ± S.D,
performed in triplicate.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 5. Mass size distribution of INH-MC/HA nanopowder as measured by the NGI using the 
data evaluation method based on the surface coverage of the collection plates. 

3.6. Cytotoxicity Studies 
An MTT assay was performed to investigate the cytotoxicity of the nanopowders and 

nascent INH on A549 and Raw 264.7 macrophages. After an exposure of 24 h with differ-
ent concentrations of INH and nanopowders (0.01, 0.5, 1 mg/mL), it was evident that the 
A549 cell viability was pronounced for all samples (Figure 6a). The drug-loaded na-
nopowders demonstrated more than 80% viability for A549 cells. Blank MC/HA na-
nopowder showed remarkable results and was 100% in A549 cells. The cell viability for 
Raw 264.7 macrophages was concentration-dependent (Figure 6b). INH presented more 
than 50% viability at low concentrations of 0.5 and 0.01 mg/mL, which led to the evident 
conclusion that at higher doses, the drug is toxic to macrophages. Moreover, the cationic 
NPs display a high affinity toward macrophages, and hence the toxicity can increase de-
pending on the concentration of NPs [43]. The MTT assay displayed a reduction in Raw 
264.7 macrophage viability with increasing concentrations of polymers. However, all the 
concentrations were found to have more than 50% cell viability. 

Likewise, the MTS assay, which was performed to access the impact of nanopowders 
on the metabolic activity of primary macrophages, revealed similar results. The % cell 
viability was evidently but not primarily dependent on the increase in the concentrations 
of the samples (Figure 6c). All the samples presented cell viability of ≥70%. These cytotox-
icity data were obtained after 24 h incubation. The main purpose behind the viability stud-
ies on the primary cells was to evaluate the accurate concentration of the samples optimal 
for the human macrophage phenotype analysis. 
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data evaluation method based on the surface coverage of the collection plates.

3.6. Cytotoxicity Studies

An MTT assay was performed to investigate the cytotoxicity of the nanopowders and
nascent INH on A549 and Raw 264.7 macrophages. After an exposure of 24 h with different
concentrations of INH and nanopowders (0.01, 0.5, 1 mg/mL), it was evident that the A549
cell viability was pronounced for all samples (Figure 6a). The drug-loaded nanopowders
demonstrated more than 80% viability for A549 cells. Blank MC/HA nanopowder showed
remarkable results and was 100% in A549 cells. The cell viability for Raw 264.7 macrophages
was concentration-dependent (Figure 6b). INH presented more than 50% viability at low
concentrations of 0.5 and 0.01 mg/mL, which led to the evident conclusion that at higher
doses, the drug is toxic to macrophages. Moreover, the cationic NPs display a high affinity
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toward macrophages, and hence the toxicity can increase depending on the concentration
of NPs [43]. The MTT assay displayed a reduction in Raw 264.7 macrophage viability with
increasing concentrations of polymers. However, all the concentrations were found to have
more than 50% cell viability.
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Figure 6. Effect of nanoformulations on the viability of A549 cells (a), Raw 264.7 macrophages (b),
and primary culture of macrophages derived from human blood (c). The results were obtained after
incubation of different concentrations of the nanoparticles (0.01, 0.5, 1 mg/mL) over 24 h. All the
results were performed in triplicate and are expressed as mean ± S.D.

Likewise, the MTS assay, which was performed to access the impact of nanopowders
on the metabolic activity of primary macrophages, revealed similar results. The % cell
viability was evidently but not primarily dependent on the increase in the concentrations of
the samples (Figure 6c). All the samples presented cell viability of ≥70%. These cytotoxicity
data were obtained after 24 h incubation. The main purpose behind the viability studies on
the primary cells was to evaluate the accurate concentration of the samples optimal for the
human macrophage phenotype analysis.

3.7. Visualization of NPs in the A549 and Raw 264.7 Cells

Confocal laser scanning microscopy (CLSM) was employed for the qualitative as-
sessment of the fluorescent-labeled Rh-B NPs. Figure 7 shows the shift in the intensity
of fluorescence on the internalization of NPs as compared to the control (untreated cells).
Human alveolar epithelial cells, A549, were also used to study the uptake behavior of NPs.
It can be seen clearly that the internalization of NPs in the A549 cells was lower compared
to the Raw 264.7 macrophages. This might be due to the well-established reason that A549
cells are not responsive to the NPs in a similar way to immune cells (macrophages) [44].
Immune cells, such as macrophages, identify antigens and NPs by phagocytosis, surface
receptor-based endocytosis, and micropinocytosis. Supposedly, macrophages most likely
responded through the surface receptors and hence translocated the moieties with mannose
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composition efficiently. The internalization intensity of the NPs was found to be higher
in the case of MC/HA NPs as compared to CS/HA NPs (Figure S5), demonstrating the
advantage of mannose conjugation to the polymer. Quantification of Rh-B-labeled NPs was
also performed by flow cytometry (Figure S6).
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Figure 7. Cellular internalization study via confocal imaging. Confocal images of A549 cells and
Raw 264.7 macrophages showing the internalization of Rhodamine-B labeled NPs (red) after an
incubation of 2 h. The blue color indicates the nuclei staining with DAPI-dye. Rhodamine-B
(Excitation λmax = 546 nm, Emission λmax = 568 nm), DAPI-dye (Excitation λmax = 359 nm, Emission
λmax = 457 nm).

3.8. Human Macrophage Phenotype Analysis

The expression of T-lymphocyte costimulatory molecules (CD83 and CD80), the in-
dicators of pro-inflammatory-activated phenotypes in macrophages, was evaluated by
the incubation of NPs with macrophages for 2 h. The expression was analyzed by flow
cytometry (Figure S7). CD83 is elevated and observed in the activated macrophages. CD80
is the prime costimulatory marker affecting cytokine secretion [45]. The delivery of antigen
to macrophages upregulates the expression of CD83 and CD80, which are considered to
induce T cell receptor signaling and activation. The expression was many folds higher for
the MC/HA NPs when compared to other nanoformulations (average MFI = 1 for control).
The results in Figure 8a show the relative comparison between the expression of CD83
and CD80 in macrophages derived from three different blood donors. On the whole, the
findings demonstrate that blank and drug-loaded MC/HA NPs significantly upregulated
the costimulatory markers in comparison to other NPs.

3.9. Tolerogenic Activity

IDO expression by macrophages influences peripheral tolerance and immune reg-
ulation. IDO assay was performed to determine if the NPs were inducing a tolerogenic
phenotype on macrophages characteristic to the suppression of T-cells and the promotion
of tolerance (contrary to pro-inflammatory response) (Figure 8b). It was analyzed by quan-
tifying the IDO activity following incubation of NPs with macrophages. The NP samples
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demonstrated a similar response to that of control macrophages, establishing no tolerogenic
effect of the NPs.
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Figure 8. % Quantification of the expression of macrophage maturation markers, CD80 and CD83.
All the results have been presented as mean fluorescence intensity (MFI) in macrophages incubated
with NPs. The dotted line (MFI = 1) represents the signal from the macrophages incubated in culture
(control). Data from blank MC/HA NPs were statistically significant (* p < 0.05, ** p < 0.001) (a),
2,3-Indoleamine dioxygenase (IDO) activity in macrophages cell culture (b), and in-vitro hemolysis
assay after 4 and 24 h performed on fresh human blood obtained from donors after consent (c). All
the results are expressed as mean ± SEM, n = 3 different blood donors (p < 0.001).

3.10. Hemolytic Activity

Hemolysis assay demonstrates the biocompatibility of NPs with RBCs to get insight
into the behavior of formulations for in vivo applications. The % viability of RBCs was
evaluated against the Triton-X (positive control) with 100% cell lysis. All the samples posed
no toxicity on the RBCs, indicating biocompatibility with RBCs (Figure 8c). In this case, all
the NPs samples were hemocompatible.

4. Discussion

The major obstacle in the treatment of TB is the inadequate availability of the drug
in the affected organ. Therefore, a dosage form capable of delivering the effective drug
concentration to the alveolar region of the lungs is the primary priority for the treatment of
TB. In recent times, the use of nanotechnology has gained interest for organ-targeted drug
delivery. The use of a nanotechnology-based aerosolization approach can limit off-site drug
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accumulation. Moreover, the nanocarriers show high residence time in the lungs because
of the presence of mucous. Therefore, based on this rationale, dry powder for inhalation
was developed in this study using nanotechnology. A hybrid nano-approach was utilized
for the fabrication of nano-DPI by using two polymers, MC and HA. These polymers are
non-toxic, non-thrombogenic, biodegradable, biocompatible, and non-immunogenic [46].
The limitations, such as mucociliary clearance of a large proportion of inhaled powders and
exhalation of small-sized particles, can be overcome by using a ligand anchored polymeric
drug delivery system. The ligand anchorage to the NPs can reduce the reticuloendothelial
system (RES) uptake and improve the availability of the drug at the target site. Further, as
mentioned previously, the mannose receptor is a C-type lectin that can identify the mannose-
containing polymers with high affinity. Therefore, the mannosylated polymer was used in
this study to improve the drug delivery in TB. Likewise, HA also presents a high affinity
for the CD44 receptors on the surface of macrophages [47]. Therefore, these polymers were
chosen for developing the macrophage-targeted nanoparticulate system. The cost-effective
ionic gelation method was employed to prepare the polymeric nanosuspension, and anti-
tubercular INH was loaded into the NPs, followed by freeze-drying with 4% trehalose as
a cryoprotectant to yield dry powder. Freeze-drying removes the solvent from samples
by sublimation of frozen content in the primary drying step and unfrozen solvents in the
secondary drying step. The freeze-drying time is, however, dependent on the product
height and hence varies with the sample volume [48].

The average particle size for the INH-MC/HA-loaded nano-DPI was found to be
303 ± 16.2 nm, with a monodisperse nature indicated by a PDI of 0.179. The surface zeta
potential was 34.3 ± 6.03, showing good stability of the formulation. The % EE of the INH-
CS/HA NPs and INH-MC/HA NPs was high, which might have been achieved because
of the synthetic approach used for the NPs. The drug was loaded after the synthesis of
NPs and hence was strongly adhered to the voids of the NPs. It has been observed that the
use of the ionic gelation method yields NPs with a plexus, and the drug can be embedded
within the matrices.

The prediction of the pharmacokinetic and pharmacodynamic (PK/PD) profile for the
inhaled drugs can be a complicated protocol because of the complex pulmonary geometry.
Hence, testing of the aerodynamic particle size distribution and deposition of the parti-
cles by NGI can narrow the gap between the in vitro and in vivo performance testing to
accelerate research and development (R&D). The particles in the NGI are driven by the
constant airflow towards different stages with defined cut-off diameters. The average mass
size distribution was evaluated by NGI, operated according to European Pharmacopeial
2014 requirements. The results demonstrated that a high fraction of the particles had a size
range of 1.37–2.3 µm, correlating to the deposition in stages 6 and 7 with the geometrical
standard deviation (GSD) of 1.50. GSD determines the variation in diameters of particles
within the aerosol cloud. Usually, the GSD values > 1.2 present the heterodispersive nature
of the aerosols with broad particle size distribution [49]. The aerodynamic profile can
further be improved by using the alternate drying procedure for the nanosuspensions to
acquire the powder for inhalation, which has also been demonstrated by us in the past [50].

The cytotoxicity studies revealed that all the samples had high % cell viability and
posed no toxicity to A549 cells, Raw 264.7 macrophage, and primary cultures. Likewise,
the demonstration of hemolytic activity is essential because of the safety concerns of NPs.
The in vitro hemolytic activity on RBCs is evaluated by spectrophotometric analysis of
plasma-free hemoglobin derivatives after the incubation of NPs with blood. Centrifugation
was performed to remove the undamaged RBCs. As established, the safe hemolytic ratio
for biomaterials should be less than 5% according to ISO/TR 7406 [51]. In this study, all the
formulations posed no toxicity to RBCs.

Principally, adaptive immune response mediated by T-cells is essential for the control
of M.Tb. NPs did not interfere with the adaptive immune response and facilitated the T-cell
signaling and activation. By the upregulation of the costimulatory molecule CD80, there
is an elevation of interleukin-6 that exhibits pro-inflammatory activity and plays a role in
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the resistance against TB [52]. Correspondingly, CD83 plays a role in resolving immune
responses in TB and is also essential during the differentiation of T-lymphocytes along with
maintaining tolerance. The inhibition of CD83 alleviates the inflammation [53]. However,
the developed NPs improved the expression of costimulatory markers.

The uptake of nanopowders by the A549 cells and Raw 264.7 macrophages was
established by confocal microscopy. The nuclei of the cells were stained with DAPI dye to
facilitate visual imaging. A549 cells (primarily comprised of alveolar basal epithelial cells)
were used for studying the uptake of the NPs because the inhaled particles interact with the
alveolar epithelia before engulfment by macrophages. MC/HA nanopowders presented
high localization into the cells as compared to the CS/HA nanopowders. Altogether, the
NPs were able to be translocated into the macrophages, which corroborated with the
aim of the study. Further, the tolerogenic response was assessed for the nanopowders.
The tolerogenic response is responsible for the immunosuppression that contradicts the
T-cell response required in TB. Increased IDO activity by the macrophages suppresses
effector T-cells and elevates regulatory T-cells, which then promotes immune tolerance [54],
which is not favorable for the treatment of TB. The nanopowders did not exhibit any
tolerogenic effect, as demonstrated by the IDO assay. All the results were compared with
the CS/HA-based nanopowder for a thorough understanding of the various parameters
that might otherwise be compromised by using MC polymer. Everything considered, the
mannose-anchored nanoparticulate system is suitable for delivering anti-tubercular to the
macrophages in the TB.

5. Conclusions

In this study, macrophage-targeted nanoparticles were developed to achieve higher
retention at the site of a bacterial niche for promising therapy of TB. For this purpose,
polymers were chosen because of their affinity for the surface receptor of macrophages
for the uptake of encapsulated anti-tubercular inside the immune cells. The nanosystem
INH-MC/HA was fabricated to be administered by inhalation via dry powder inhalers
for efficient delivery to the lungs. The results reported that the nano dry powders had
higher deposition in the deeper region of the lungs followed by pulmonary administration.
The ability of NPs to interact with macrophages was conserved and amplified by using
mannose-anchored chitosan along with HA. Altogether, nano-DPIs presented promising
fundamental outcomes that might impact investigative studies in animals in the future.
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Abstract: Among respiratory infections, tuberculosis was the second deadliest infectious disease
in 2020 behind COVID-19. Inhalable nanocarriers offer the possibility of actively targeting anti-
tuberculosis drugs to the lungs, especially to alveolar macrophages (cellular reservoirs of the My-
cobacterium tuberculosis). Our strategy was based on the development of a mannose-decorated
micellar nanoformulation based in Soluplus® to co-encapsulate rifampicin and curcumin. The
former is one of the most effective anti-tuberculosis first-line drugs, while curcumin has demon-
strated potential anti-mycobacterial properties. Mannose-coated rifampicin (10 mg/mL)–curcumin
(5 mg/mL)-loaded polymeric micelles (10% w/v) demonstrated excellent colloidal properties with
micellar size ~108 ± 1 nm after freeze-drying, and they remain stable under dilution in simulated
interstitial lung fluid. Drug-loaded polymeric micelles were suitable for drug delivery to the deep
lung with lung accumulation, according to the in vitro nebulization studies and the in vivo biodistri-
bution assays of radiolabeled (99mTc) polymeric micelles, respectively. Hence, the nanoformulation
did not exhibit hemolytic potential. Interestingly, the addition of mannose significantly improved
(5.2-fold) the microbicidal efficacy against Mycobacterium tuberculosis H37Rv of the drug-co-loaded
systems in comparison with their counterpart mannose-free polymeric micelles. Thus, this novel
inhaled nanoformulation has demonstrated its potential for active drug delivery in pulmonary
tuberculosis therapy.

Keywords: polymeric micelles; Soluplus®; rifampicin; curcumin; tuberculosis; inhalable nanoformu-
lation; active drug targeting; Mycobacterium tuberculosis
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1. Introduction

Pulmonary drug delivery or “orally inhaled therapy” has been extensively tested in
recent years due to the advantages of this administration route and the wide versatility
on novel inhaled dosage forms [1]. The former includes (1) drug administration for both
local (i.e., tuberculosis (TB), SARS coronavirus disease, chronic obstructive pulmonary
disease and cystic fibrosis, pneumonia, asthma, lung cancer), and systemic diseases such as
diabetes (Afrezza®) and migraine (Migranal®) [2,3], associated with a significant reduction
of the systemic side-effects and hepatic first-pass metabolism; (2) the rapid onset of action;
and (3) the possibility to specifically transport the drug in a precise site by the addition
of sugar residues, polysaccharides, antibodies, peptides and small molecules capable of
enhancing cellular uptake [4,5]

Different inhalable dosage forms such as solutions for nebulization [6] and dry pow-
ders for aerosolization [7] have been developed in the last decades aiming at optimizing
the pulmonary therapy. One of the main drawbacks for inhalable dosage forms are the
anatomical and physiological barriers (i.e., mucocilliary clearance, proteolytic enzymes
and phagocytic cells) of the lungs [8]. In this context nanotechnology provides a feasible
platform for the development of novel respirable drug delivery systems. For instance,
fluticasone-loaded liposomes and cyclodextrins complexes [6]; chitosan/thiolated chitosan
nanoparticles conjugated with hyaluronic acid loaded with isoniazid [4]; and antiviral-
loaded polymeric nanoparticles for SARS-CoV-2 inhibition [9] highlight the nanotechno-
logical platforms recently investigated for the treatment of lung diseases by means of
inhaled therapy.

Among respiratory infections, TB is a chronic infectious disease that affects people
globally. This disease is caused by Mycobacterium tuberculosis (Mtb). As reported by
World Health Organization in 2021, TB was the second deadliest infectious disease in 2020
behind the COVID-19 global pandemic. Furthermore, 10 million cases were reported, and
1.5 million patients died because of TB infection [10].

Currently, TB is treated with a combined therapy that includes “first-line” anti-TB
drugs as rifampicin (RIF), isoniazid, pyrazinamide and ethambutol for 6 months (short-
term treatment). These “first-line” drugs are administered orally [11]. Nevertheless, side
effects such as peripheral neurotoxicity, liver toxicity and renal toxicity affect both patient
life-quality and adherence to the treatment. Consequently, these aspects lead to treatment
failure and an increase of multi-drug resistant of TB strains [11].

In particular, RIF is the most effective first-line anti-TB drug, and it is currently
classified as a borderline Class II drug by the Biopharmaceutics Classification System
because of its low pH-dependent water solubility (2.56 mg/mL 25 ◦C, pH: 5.0) and low
intestinal permeability [11]. Additionally, due to its low water solubility and poor chemical
stability, there is a lack of liquid or aqueous RIF pharmaceutical dosage forms. Furthermore,
simulation models of RIF pharmacokinetics/pharmacodynamics in lungs showed that the
standard 600 mg RIF oral-dose could not prevent the development of drug resistance due
to the low pulmonary RIF concentrations [12].

In this framework, novel inhalable RIF dosage forms are required in order to optimize
TB therapy and enhance patient adherence. Moreover, previous studies have shown
the potential of inhalable anti-TB drugs as a promising alternative to the current oral
TB treatment [13]. Particularly, it is well known that Mtb is mainly hosted by alveolar
macrophages (AMs), which exhibit in their surface mannose receptors (C-type lectin,
CD206) involved in Mtb phagocytosis and responsible for the immune response in TB
infections [14]. Patients with pulmonary TB showed an enhanced expression of the mannose
receptor in both lung and pleural tissues [15]. Then, this receptor appears as an excellent
target for an active drug delivery of anti-TB drugs to the Mtb cellular reservoirs.

Curcumin (CUR) is a polyphenol compound obtained from Curcuma longa root
currently used as an oral nutraceutical [16] and as an anti-inflammatory agent in Ayurveda
medicine. Nevertheless, CUR exhibits low aqueous solubility [17], which hampers the
development of liquid CUR dosage forms.
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Recently, the potential anti-mycobacterial properties of CUR have been investigated,
since it is known that it can modulate the host immune response [18]. Furthermore, in a
previous study, the association of curcumin and rifampicin by means of a nanotechnological
system based on polyethylene sebacate nanoparticles has been formulated and tested
for oral administration, confirming the ability of these systems to improve the in vitro
mycobacterial clearance [19].

In a previous study, a respirable RIF-loaded nanocarrier based in Soluplus® polymeric
micelles demonstrated to have a significantly improved in vitro microbicidal efficacy in
comparison with the RIF solution [20]. Soluplus® is a graft copolymer of poly (vinyl
caprolactam)-poly (vinyl acetate)-poly (ethylene glycol) (PEG) that showed good perfor-
mance solubilizing poorly soluble drugs [15–17] and high micellar stability (due to its low
CMC value). Hence, the present investigation was aimed at expanding the potential of
this inhalable nanotechnological platform for an active drug targeting to the Mtb-infected
macrophages. Given that, Soluplus® micelles decorated on the surface with mannose
residues co-loading rifampicin and curcumin have been formulated and deeply character-
ized in terms of size, size distribution and morphology. Moreover, the in vitro nebulization
aptitude of formulations and their aerodynamic diameter were evaluated along with their
hemolytic potential. Finally, the microbicidal effectiveness of formulations and the micellar
accumulation in the lungs has been investigated in vitro by using THP-1 infected (Mtb
H37Rv) macrophages and in vivo by using Wistar rats, respectively.

2. Materials and Methods
2.1. Materials

Polyvinyl caprolactam–polyvinylacetate–PEG 6000 (Soluplus®, average MW~120,000 g/mol)
was a kind gift of BASF (Buenos Aires, CABA, Argentina). Rifampicin (RIF) and dried
bovine gelatin (Bloom 125, type B, average MW ~125,000 g/mol) were purchased from
Parafarm® (CABA, Argentina). Curcumin (CUR), bovine serum albumin (BSA), con-
canavalin A (Con A, from Canavalia ensiformis, Jack Bean Type VI), mannose and mucin
II (from porcine stomach) were acquired from Sigma-Aldrich (Buenos Aires, CABA, Ar-
gentina). All solvents were of grade and used following the manufacturer’s instructions.

2.2. Gelatin/Mannose Formulation and Characterization

Gelatin–mannose (Gel(man)) was prepared using dried bovine gelatin and mannose
as previously described with slight modifications [21]. Dried bovine gelatin (750 mg) was
dispersed in 15 mL of distilled water at 45 ◦C under magnetic stirring (50 RPM) for 30 min.
Meanwhile, mannose (80 mg) was solubilized in 10 mL of AcH/AcNa buffer (pH 4.20)
under magnetic stirring (50 RPM) for 30 min. Afterwards, gelatin dispersion and mannose
acid solution were mixed under magnetic stirring (100 RPM) at room temperature (25 ◦C)
for 72 h. Finally, the resulting dispersion was dialyzed against distilled water using dialy-
sis membranes (Spectra/Por®3 Dialysis Membrane, molecular weight cut off = 3500 Da,
nominal flat width 18 mm, Merck SA, Buenos Aires, Argentina) over 1 h (replacing the
external medium every 15 min) at room temperature. The dialyzed samples were then
freeze-dried for 48 h at 0.03 mbar, using a freeze-dryer FIC-L05 (FIC, Scientific Instrumental
Manufacturing, Buenos Aires, Argentina), to improve the stability of the sample in storage.

Gel(man) has been deeply characterized by means of different methods. Diamond
ATR-FTIR (attenuated total reflectance Fourier-transform infrared spectroscopy) spectra
were acquired using a Nicolet iS50 Advanced Spectrometer (Thermo Scientific, Waltham,
MA, USA) with 64 scans and a resolution of 4 cm−1. Proton Nuclear Magnetic Resonance
(1H-NMR) experiments were acquired with a Bruker Avance-III HD spectrometer equipped
with a 14.1 T narrow bore magnet operating at Larmor frequencies of 600.09 MHz. Chemical
shifts for 1H (in ppm) are relative to Si(CH3)4. Gel(man) has been used to decorate Soluplus®

micelles, and the presence of mannose residues on their surface/corona was evaluated
using Concanavalin A (Con A) [22]. Briefly, Soluplus® was dispersed in phosphate buffer
(pH 7.2) in order to obtain a final concentration of 10% w/v. Then, 100 mg of Gel(man)
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were added to the Soluplus® dispersion under magnetic stirring (50 RPM) until complete
Gel(man) dispersion. Control Gel(man)-free Soluplus® micelles (10% w/v) were used for
comparison. In a second step, bovine serum albumin (BSA, 90 mg) was added to the
micellar dispersions with and without Gel(man) and Soluplus® (man)-micelles (2 mL).
Samples were magnetically stirred for 30 min at 25 ◦C and diluted (1/2) with a Con A
(10 µM) phosphate buffer solution (pH: 7.2). Finally, the micellar systems were magnetically
stirred (100 RPM) for 2 h at room temperature, and the micellar size and size distribution
was investigated by dynamic light scattering (DLS, scattering angle of θ = 173◦ to the
incident beam, Zetasizer Nano-ZSP, ZEN5600, Malvern Instruments, Malvern, UK) at 25 ◦C
(n = 5 ± S.D.).

2.3. Measurement of the Critical Micellar Concentration (CMC)

The CMC at 25 ◦C of Soluplus® and Soluplus®-Gel(man) (0.7% w/v) in water was
assessed by dynamic light scattering (DLS), using a Zetasizer Nano-ZSP (ZEN5600, Malvern
Instruments, Malvern, UK), at a scattering angle of Φ = 173◦ to the incident beam. Micellar
aqueous dispersions were prepared to obtain a concentration range between 1 × 10−6

and 1% w/v. Samples were equilibrated for 24 h at 25 ◦C before their use. The CMC was
graphically determined by plotting the derived count rate as a function of the polymer
concentration (% w/v) [22].

2.4. Micellar Preparation and Drug Encapsulation

Soluplus® (1 g) was dispersed in distilled water (10 mL) under magnetic stirring
(50 RPM, 1 h) at room temperature (25 ◦C) to obtain “drug-free-micelles” and stored
overnight before the use. Soluplus® micelles decorated with Gel(man) so called “drug-free-
(man)micelles”, were prepared as well. The graft-copolymer (Soluplus®, 1 g) was dispersed
in water (10 mL), and the appropriate amount of Gel(man) (25, 50, 70, 100 mg) was added
under magnetic stirring (50 RPM) until complete and homogeneous dispersion.

In order to encapsulate both drugs, RIF and CUR, the solvent diffusion method
was used, as previously described [17,20]. Briefly, RIF (100 mg) and CUR (50 mg) were
dissolved in 20 mL of acetone; the solution was sonicated for 5 min (Digital Ultrasonic
Cleaner, PS-10A 50/60 Hz, Shenzhen, China, 25 ◦C) and then added drop by drop using
a programmable syringe infusion pump (PC11UB, APEMA, Buenos Aires, Argentina)
to the aqueous dispersion of Soluplus® (10% w/v) at room temperature under constant
magnetic stirring (50 RPM, 4 h) to let the complete evaporation of the organic solvent,
as well. Afterwards, the volume of RIF–CUR co-loaded-micelles, so called “RIF–CUR-
micelles”, was repristinated at 10 mL using distilled water and samples were filtered using
0.45 µm, acetate cellulose filters (Microclar, Buenos Aires, Argentina), aiming at removing
the undissolved/unentrapped drugs.

Drug-loaded, micelles-decorated mannose, so-called “RIF–CUR-(man)micelles”, were
prepared following the same procedure, with small modifications. In this case after the
acetone evaporation, Gel(man) (25, 50, 70, 100 mg) was added under magnetic stirring at
25 ◦C until complete dispersion. Then, the procedure was performed as described above
for the mannose-free, drug-loaded micelles.

Finally, drug-free and drug-loaded nanomicelles were freeze-dried for 24 h at 0.03 mbar
using a freeze-dryer, FIC-L05 (FIC, Scientific Instrumental Manufacturing, Argentina), and
stored in sealed amber glass vials until their use.

The concentrations of RIF and CUR in the samples were determined using a Shi-
madzu HPLC system (SIL-10A auto sampler, SCL-10A pump and SPD-10AV UV detec-
tor, Japan). All separations were achieved with an Atlantis-C18 reversed-phase column
(4.6 mm × 150 mm, 3 µm particle size, Waters, Ireland) at a flow rate of 1 mL/min and
at room temperature. The mobile phase consisted of acetonitrile:water (adjusted to pH
2.27 with orthophosphoric acid). For RIF measurement, the ratio of mobile phase was
54:44 (v/v), and the detection wavelength was 333 nm. The CUR detection wavelength was
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425 nm, and the mobile phase was fixed at 44:56 (v/v). Twenty microliters of all the sample
solutions were injected.

2.5. Measurement of Micellar Size and Morphological Characterization

Micellar size, size distribution and polydispersity index (PDI) of the nanoformulations
was assessed at 25 ◦C by dynamic light scattering (DLS) using a Zetasizer Nano-ZSP
(ZEN5600, Malvern Instruments, Malvern, UK) at a scattering angle of θ = 173◦ to the
incident beam. Prior to the analysis, each sample was equilibrated at 25 ◦C. Finally, the
results of hydrodynamic diameter (Dh) and PDI values were expressed as the average of
five measurements ± S.D.

To assess the morphology of the RIF–CUR-loaded (10 mg/mL and 5 mg/mL) (man)micelles,
a transmission electron microscopy (TEM) analysis was performed using a TEM apparatus
(Philips CM-12 FEI Company, Eindhoven, The Netherlands). Freeze-dried samples were
re-dispersed in distilled water (2 mL), and aliquots (5 µL) were negatively stained with 5
µL of uranyl acetate (2% w/v).

2.6. In Vitro Antioxidant Capacity Assays
2.6.1. DPPH Colorimetric Assay

The antioxidant activities of the different formulations were evaluated on the basis of
the scavenging activity of the stable 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH•).
Aliquots of methanolic solutions (1 mg/mL) of the different formulations were incubated
with 3 mL of a methanolic solution of DPPH• (25 mg/L). After 10 min, the absorbance
of the mixture was measured at 517 nm. A calibration curve was prepared using Trolox
(vitamin E analogue) as standard, and results were expressed as nmol Trolox Eq/mg sample
and DPPH inhibition percentage [23].

2.6.2. ABTS Colorimetric Assay

Using 2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid, or ABTS, a radical cation
can be generated. The ABTS is generated by reacting with a strong oxidizing (ABAP, 2 mM)
agent with the ABTS salt (75 mM) for an hour at 45 ◦C. The reduction of the blue-green
ABTS radical by hydrogen-donating antioxidants absorbs light at 734 nm in phosphate
buffer. Aliquots of aqueous dispersions (1 mg/mL) of the different formulations were
incubated with 3 mL of ABTS• solution. After 4 min, the absorbance of the mixture
was measured at 734 nm. A calibration curve was prepared using Trolox (vitamin E
analogue) as standard, and results were expressed as nmol Trolox Eq/mg sample and ABTS
inhibition percentage [24].

2.7. In Vitro Nebulization Studies

The in vitro deposition of RIF and CUR (alone or in combination) was assessed using
the next-generation impactor (NGI, Eur. Ph 7.2, Copley Scientific Ltd., Nottingham, UK)
connected with the PariSX® air jet nebulizer and the ParyBoySX® compressor. Freeze-dried
micelles (Soluplus® 10% w/v, Gel(man) 0.7%, RIF 10 mg/mL, CUR 5 mg/mL) were re-
dispersed in 2 mL of water, manually shaken and placed in the nebulizer. The aerosolization
process was performed for about 15 min directly into the throat of the New Generation
Impactor (NGI). The corresponding dispersions in water at the same concentration of RIF,
CUR or both were also nebulized and used as references. The amount of RIF and/or CUR
deposited in each stage of the NGI along with the undelivered drug were collected by using
methanol and analysed by using a spectrophotometer. Aerodynamic diameter (MMAD)
and geometric standard deviation (GSD) values were calculated excluding the amount of
drugs deposited in the induction port and were both extrapolated from the graph obtained
by plotting the cumulative amount of particles with a diameter lower than the stated size
of each stage as a percentage of each recovered drug versus the cut-off diameter, according
to the European Pharmacopeia [25,26]. The total mass output (TMO%), the Fine Particle
Dose (FPD), and the Fine Particle Fraction (FPF), which represent the percentage of drug
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recovered in the NGI versus the amount initially placed in the nebulizer, the amount of
drug contained in droplets of size less than 5 µm, and the percentage of droplets with size
less than 5 µm, respectively, were measured as previously reported [27].

2.8. Stability of the Micellar Systems in Simulated Interstitial Lung Fluid

The in vitro physicochemical stability of the inhalable RIF–CUR-micelles with and
without mannose residues was investigated after dilution. Simulated Interstitial Lung
Fluid (SILF) was obtained by dissolving 9.85 mg MgCl2, 603.2 mg NaCl, 40.4 mg KCl,
43.6 mg Na2HPO4, 259.6 mg NaHCO3, 8.3 mg Na2SO4, 35.9 mg CaCl2, 60.7 mg C2H3NaO2
and 11.5 mg of sodium citrate in 100 mL of distilled water (pH 7.40) [28]. Freeze-dried
RIF–CUR (10 mg/mL and 5 mg/mL)-(man)micelles (10% w/v) and freeze-dried RIF–CUR-
(10 mg/mL and 5 mg/mL)-micelles (10% w/v) were re-dispersed in distilled water (2 mL)
and then diluted (1/50) in SILF. Micellar size distribution and PDI were assessed at 0, 1, 2,
3 and 24 h after dilution at 37 ◦C by dynamic light scattering using a Zetasizer Nano-ZSP,
ZEN5600 (Malvern Instruments, Malvern, UK) at a scattering angle of θ = 173◦ to the
incident beam (n = 5 ± S.D.).

2.9. In Vitro Drug Release Study

The CUR and RIF cumulative in vitro release from the nanomicelles with (0.7% w/v)
and without Gel(man) was studied by using dialysis method in SILF (pH 7.4) with the
addition of ethanol (30% v/v) [17] as external medium. Lyophilized micellar systems were
redispersed in distilled water and further diluted with distilled water in order to achieve
concentrations of 1 mg/mL for RIF and 0.5 mg/mL for CUR. Later, 0.5 mL aliquots (500 µg
of RIF and 250 µg of CUR) were placed into dialysis membranes (3500 Da, Spectra/Por®3
Dialysis Membrane, molecular weight cut off = 3500, nominal flat width 18 mm, Waltham,
MA, USA), which were then placed inside Falcon® conical tubes containing the external
medium (12 mL). The system was incubated at 37 ◦C for 1, 2, 3, 4, 6, 8 and 24 h by inversion
using a sample rotator (Mini Labroller LabNet rotator, St. Louis, MO, USA, 40 RPM). For
every timepoint, the external medium was completely replaced with fresh and pre-heated
medium. The amount of RIF and CUR was determined by RP-HPLC-UV-Vis, as previously
described (Section 2.4). Assays were performed in triplicate, and results are expressed as
average ± S.D.

2.10. In Vitro Hemolytic Assay

Hemolytic cytotoxic effects of the prepared micelles were determined in vitro. Fresh
blood from control rats was collected in hemolysis tubes containing 3.2% of sodium citrate
(1:9). Red blood cells (RBCs) were separated by centrifugation at 3500 RPM for 10 min and
then acquired and washed with saline solution (NaCl 0.9% w/v). Afterwards, samples were
centrifuged 3 times (3500 RPM, 10 min, MiniSpin® plus™, Eppendorf, Hamburg, Germany),
and the supernatant was discarded while the pellets were diluted with saline solution
to reach the final concentration of 10% w/v to be used to evaluate the hemolytic activity
of the formulations. The hemolytic assay was performed as previously described [29],
with slight modifications. Saline solution was used as the negative control (0% lysis), and
distilled water as the positive control (100% lysis), employing a 1/2 dilution with the
RBCs suspension.

Freeze-dried samples (RIF, RIF–CUR-(man)micelles and drug-free-(man)micelles)
were re-dispersed in distilled water (2 mL) and then diluted (1/2) with the RBCs suspension.
The final RIF concentrations were 1, 5, 10 and 20 µg/mL. They were incubated at 37 ◦C for
3 h by inversion using a sample rotator (Mini Labroller LabNet rotator, USA, 40 RPM); then,
samples were centrifuged for 10 min at 3500 RPM (800 RCF) (MiniSpin® plus™, Eppendorf,
Germany). The supernatant was processed, and hemoglobin released was measured at
541 nm by means of visible spectroscopy (8452A Diode Array Spectrophotometer, Hewlett
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Packard, Palo Alto, CA, USA). Later, the hemolysis percentage was calculated using the
following equation:

Hemolysis (%) = (Abs sample − Abs negative)/(Abs positive − Abs negative) × 100

where Abs negative and Abs positive correspond to the absorbance of the erythrocytes
treated with saline solution and distilled water, respectively. Animal experiments and
animal care were approved by the Animal Care Committee of School of Pharmacy of the
University of Buenos Aires (REDEC-2021-2792-E-UBA-DCT_FFYB). Assays were performed
in triplicate and expressed as mean ± S.D.

2.11. In Vivo Micellar Lung Accumulation Assay

2.11.1. Radiolabeling Procedure of Soluplus® (Man)Micelles

Freeze-dried micelles were re-dispersed in distilled water (2 mL), and then they were
radiolabeled using stannous chloride (SnCl2; analytical grade Merck, Germany) as the
reducing agent, as previously reported, with slight modifications [20]. Briefly, 1 mL of
the aqueous micellar dispersion (3 mg/mL) was prepared and then mixed with 25 µL
of and acidic solution (pH = 3.0, acidified with HCl 0.1 N) of SnCl2 (1 mg/mL) and
300 µL of freshly prepared sodium pertechnetate (Na99mTcO4; 1.5 mCi) eluted from an
a99Mo/99mTc generator (Laboratorios Bacon SAIC, Villa Martelli, Argentina). The pH of
the final dispersion was adjusted up to 7.0 using NaOH (0.1% w/v aqueous solution), and
it was maintained for 60 min at room temperature in a closed chamber aiming at reducing
the exposition of the samples to air.

2.11.2. Radiolabeling Efficiency and Stability

The obtained 99mTc-(man)micelles were assayed for both labeling efficiency and
radiochemical purity. Ascending chromatography was performed to detect free TcO4−,
using Instant Thin Layer Chromatography-Silica Gel (ITLC-SG, Varian, Palo Alto, CA,
USA) as the stationary phase and acetone as the mobile phase. The same stationary phase
(ITLC-SG) but a different mobile phase (mixture of pyridine:acetic acid:water, 3:5:1.5) were
used to detect 99mTc-radiocolloids and hydrolysate. The same procedure was used to test
the effectiveness and stability of the after-incubation of 99mTc-(man)micelles in vitro using
a saline solution at room temperature and in rat plasma at 37 ◦C for 24 h.

2.11.3. Biodistribution Studies: Ex Vivo and Scintigraphic Procedures

Experimental tests with animals were completed according to the experimental proto-
col approved by the ethical committee of the School of Pharmacy and Biochemistry, Uni-
versity of Buenos Aires (REDEC-2021-2792-E-UBA-DCT_FFYB). Female Sprague-Dawley
rats (6 weeks of age; 200 ± 10 g) were provided by the animal house (School of Pharmacy
and Biochemistry, University of Buenos Aires). Animals were allowed to acclimate for
at least 48 h before the experiment, housed in stainless steel cages with free access to
both food and water and 12 h of light/dark cycles. Before the experiment, animals were
anesthetized using ketamine–xilazine (90 mg/kg–5 mg/kg), and the radiolabeled micelles
were administered by means of a surgical puncture tracheotomy (~0.3 mg micelles per rat,
~50 µCi); then, the animals were maintained at a supine position (45◦) and with heads up
during the first hour of the biodistribution assay. After 1 and 24 h of the administration
procedure, the rats in each group (n = 5) were anesthetized using isofluorane 2% (Cassara,
Buenos Aires, Argentina) and subjected to a static scintigraphy to detect the distribution of
the radiolabeled (man)micelles by a view gamma camera, which was equipped with a high-
resolution parallel hole’s collimator. Images were then processed with OHIO NUCLEAR,
software IM512P (Alfanuclear, Buenos Aires, Argentina).

At the end of the experiment, rats were euthanized; blood samples were taken, and the
organs of interest (liver, spleen, lungs, kidneys, heart, intestine and stomach) were removed,
washed and weighted. The radioactivity in each organ was measured in a calibrated well
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type gamma counter (Alfanuclear, Argentina), and the results have been expressed as % of
the injected dose of tissue, where decay correction was considered for the calculation.

2.12. Microbicidal Efficacy against Mycobacterium tuberculosis
2.12.1. Bacterial Growth Conditions

Mycobacterium tuberculosis H37Rv (Mtb H37Rv) was grown in Middlebrook 7H9 broth
or on 7H10 agar with 0.5% Tween 20, 0.2% glycerol, and albumin–dextrose–catalase–oleic
acid supplement. Cultures were harvested at an exponential growing phase at 37 ◦C. To
disaggregate clumps, mycobacteria were sonicated at 2.5 W output for 4 min (Elma d-7700
Singentrans sonic), then centrifuged for 10 min at 300× g, and the supernatant was diluted
in PBS. Finally, the OD at 600 nm was determined. The bacterial growth of Mtb H37Rv and
any experiment involving the pathogenic strain were performed in BSL3 security cabinets
at the ANLIS-Malbran Institute, Buenos Aires, Argentina.

2.12.2. Cell Culture and Infection

Human monocyte cell line (THP-1, ATCC TIB-202) was purchased from the American
Type Culture Collection (Manassas, VA, USA). RPMI-1640 (Gibco, 22400–071) supple-
mented with 10% FBS (Gibco, 10437028), L-glutamine (2 mM; Sigma, G5792), penicillin-
streptomycin and 2-mercaptoethanol (0.05 mM; Gibco) was used as the medium. Cells were
cultured at 37 ◦C in a humidified atmosphere with 5% CO2. Macrophages were obtained
by adding 10 ng/mL of phorbol-12-myristate-13-acetate (PMA; EMD Biosciences, La Jolla,
CA, USA) for 48 h in 96-wells flat-bottom plates. After differentiation, THP-1 cells were
infected with Mtb H37Rv (MOI 10) for 2 h. Then, cells were washed twice with warm RPMI
and cultured in a complete medium without penicillin-streptomycin and in presence of
(i) freeze-dried drug-free Soluplus® (10% w/v) micelles, (ii) freeze-dried RIF-(10 mg/mL)-
micelles (10% w/v) and (iii) freeze-dried RIF–CUR (10 mg/mL and 5 mg/mL)-micelles
(10% w/v) in the presence and absence of Gel(man) 0.7% w/v for 48 h. The final drug con-
centrations investigated were: (i) RIF (5 µg/mL) and (ii) CUR (2.5 µg/mL). Freeze-dried
micelles were re-dispersed in distilled water (1 mL) before their use.

2.12.3. Colony-Forming Unit Assay

THP-1 differentiated into macrophages and infected with Mtb H37Rv were washed
2 times with (200 µL) of warm PBS and lysed with 0.05% Triton X-100 in PBS. The serial
dilution of adherent cells lysates was made, and 10 µL aliquots were inoculated (in triplicate)
on Middlebrook 7H10 agar plates supplemented with oleic acid–albumin–dextrose–catalase
(OADC BD BBL Middelebrook cat 212351. 10% v/v). Plates were incubated for 3 weeks,
and colonies were counted from dilutions yielding 10-100 visible colonies.

2.12.4. Statistical Analysis

Statistical analysis was performed by one-way ANOVA test and Tukey’s multiple
comparisons post-hoc test using GraphPadPrism version 6.01 for Windows (GraphPad
Software, San Diego, CA, USA).

Statistical analysis concerning the colony-forming unit was performed by means of
analysis of variance (ANOVA) and the post-hoc Tukey multiple comparisons test (p < 0.05).

3. Results and Discussion
3.1. Gelatin–Mannose Preparation and Characterization

One of the main goals of the present investigation was the development of a novel
inhalable micellar formulation for an active drug targeting macrophages. In this way,
the enhancement of the anti-TB therapy has been in the spot in recent years, mainly
associated with the lack of patient adherence to the oral pharmacological treatment and the
development of MDR-Mtb strains.

It has been found that the mannose receptor of the AMs is involved in the immune
response after TB infection [14], and its over-expression has been reported in pulmonary
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TB patients [15]. Thus, this receptor can be considered an excellent target for an active drug
delivery therapy to the cellular Mtb reservoirs in the lungs.

In this framework, we prepared mannose-modified gelatin in order to decorate the
surface of the co-loaded (RIF and CUR) micellar nanoformulations. Gelatin is a natural
biopolymer encoded as a GRAS material by the FDA [30]. Gelatin has been extensively
employed in pharmaceutical, cosmetic and food industries and in drug/gene delivery
systems since it is a biodegradable, biocompatible and low immunogenic polymer, with a
great potential of chemical modifications to fine tune its biofunctional properties [31]. Fur-
ther combining gelatin with other biomaterials has been explored as an attractive strategy
to develop novel nano-drug delivery systems, such as poli(epsilon caprolactone)/gelatin
based nanofibers [32]. Even more, the nanotechnological approach of employing mannosy-
lated gelatin nanoparticles has been investigated as an attempt to modify the surface of
nanoformulations for an improved anti-TB therapy employing linezolid [33].

Herein, we successfully developed mannose-modified gelatin as it could be observed
by ATR-FTIR and 1H-NMR studies. Firstly, the ATR-FTIR spectrum for gelatin shows the
characteristic peaks of the amide I (C=O stretching vibrations), amide II (N–H bending
vibrations) and amide III (C–N stretching vibrations) at 1630, 1535 and 1241 cm−1, respec-
tively (Figure 1A) [34]. Then, the ATR-FTIR spectra for gelatin and mannose-modified
gelatin show an important difference in the stretching bands between 1200 and 1100 cm−1

with a new band at 1136 cm−1 associated to the C–O–C asymmetric stretching vibration
frequency of mannose (Figure 1A,B) [35]. This situation is completely different from a
physical mixture between gelatin with 5% mannose where the sum of the bands in the IR
spectrum of the components is evident (Figure 1C). Although the nature of the interaction
between both molecules cannot be known from the experiment, it is seen that the stretching
of the C-O bonds typically found for mannose is present in the modified gelatin sample
with a width and intensity different from the reference monosaccharide (Figure 1B–D).
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with 5% mannose (C) and mannose (D).

Then, and in order to identify the nature of the interaction between mannose and
gelatin, 1H-NMR experiments in deuterated water (D2O) were performed for the pure
components and for the modified gelatin (Figure 2).
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Figure 2. 1H-NMR spectra for gelatin (A), mannose-modified gelatin (B) and mannose (C) dissolved
in D2O. Different regions are shown for each of the samples for better understanding. The hydrogens
of the α- and β-anomers for D-mannose are drawn with different colors for the assignments of the
NMR signals.

It can be observed in the different 1H-NMR regions that mannose is present. Fur-
thermore, the presence of the anomers (α and β) for the monosaccharide is observed at
proton chemical shifts (δ1H) of 5.1 and 4.8, respectively. In addition, some other hydrogens
can be assigned for the rest of the molecule for each anomer, as indicated in Figure 2 [36].
Although the spectrum for gelatin is complex due to the diverse amino acid composition,
the aromatic region does not show resonance signals, associated with the formation of
an imine or Schiff’s base (δ1H 7–9 ppm) [37], among the components of interest. The
only signal present at δ1H~7.4 ppm is assigned to the hydrogens of the phenylalanine
residues present in both gelatin and mannose-modified gelatin [38]. On the other hand,
changes associated with proline residues close to δ1H~2 ppm are evidenced, which could
indicate a molecular interaction between gelatin and mannose that also affects glutamic
acid residues at δ1H~2.3 ppm. In a comparative way, it can be observed how the signals
for the arginine residues (δ1H = 1.5–1.8 ppm) do not undergo changes in the presence of
mannose. Additionally, the observed changes in the NMR spectrum may be the result of
the changes or rearrangement in the gelatin structure after the interaction with mannose.

To complement the analysis, it was possible to estimate the mannose ratio in the
modified gelatin. For the quantitative NMR analysis, the signals for the anomeric mannose
hydrogens were considered, and they were related to the hydrogens for the methylene
protons of the lysine residues next to the ε-amino group at δ1H = 2.9 ppm (-CH2-NH2). In
this way, and considering that the average content of Lys in gelatin samples is 4% [39], 4.2%
mannose was determined for the modified gelatin sample according with the area of the
NMR signals.

Further, a study with a water-soluble lectin (Con A) was also explored in order to
evaluate the presence of mannose residues on the micellar surface after the incorporation of
Gel(man) to the Soluplus® micellar dispersion. Con A selectively binds to α-D-mannosyl
and α-D-glucosyl residues due to its tetrameric form (with four independent sugar-binding
sites) above pH = 7.0 [40]. In this way, the presence of mannose residues on the surface of
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the nanoformulation would lead to the formation of large aggregates in comparison with
the micellar system without the addition of mannose. Indeed, this lectin has been explored
to confirm the surface mannosylation of different nano-sized carriers [41].

As could be observed in Table 1, before the addition of Con A, Soluplus® micelles and
Soluplus® (man)micelles (dispersed in phosphate buffer pH 7.2) demonstrated unimodal
size distributions of 158.1 ± 3.5 nm and 270.1 ± 31.3 nm, respectively. Furthermore,
the PDI values observed were 0.205 and 0.275 for the micellar systems with or without
mannose, respectively.

Table 1. Micellar size and size distribution (PDI) of Soluplus® micelles and Soluplus® (man)micelles
(10% w/v) in presence and absence of Con A after incubation (2 h) at 25 ◦C. Data are expressed as
mean ± S.D. (n = 5).

Dh (nm) (±SD)

Sample Con A
Presence PDI (±SD) Peak 1 Intensity

(%) Peak 2 Intensity
(%) Peak 3 Intensity

(%)

Soluplus®

micelles
- 0.205

(0.006) 158.1 (3.5) 100.0 - - - -

+ 0.201
(0.005) 161.8 (4.6) 100.0

Soluplus®

(man)micelles
- 0.275

(0.013) 270.1 (31.3) 100.0 - - - -

+ 0.359
(0.008) 246.5 (5.1) 94.2 4370 (392) 5.3 11.2 (19.4) 0.6

However, after the incubation with the lectin, a change in the size distribution pattern
for the Soluplus® (man)micelles could be observed. In this case, a bimodal size distribution
with a main size peak of 265.5 ± 5.1 nm and a second size population of 4370 ± 392 nm
was observed, along with an increment in the polydispersity of the sample (PDI 0.359),
suggesting the formation of large aggregates due to the presence of mannose moieties on
the micellar surface.

This change of the size distribution was not observed for those Soluplus® micelles
without the addition of mannose. In this case, there was still only one size population
(161.8 ± 4.6 nm) with a narrow size distribution (PDI 0.201) after Con A incubation. Sim-
ilar results were observed after the incubation of Con A with mannosylated PEG-based
polymeric micelles [41].

3.2. Micellar Preparation, Drug Encapsulation and Physicochemical Stability under Dilution

Polymeric micelles (PMs) are amphiphilic, self-assembled nanocarriers that represent
an attractive platform for drug delivery [42]. Due to self-aggregation in water, which
occurs above the critical micellar concentration (CMC), PMs are characterized by a hy-
drophobic core and a hydrophilic corona, which provide both stability to the nanocarrier
(due to hydrophilic corona) and lipophilic drug encapsulation (within their hydrophobic
core) [17,22,42]. One of the biomaterials highlighted for PMs preparation is known as
Soluplus®. Previously, we successfully demonstrated that this biopolymer is able to encap-
sulate hydrophobic drugs as RIF [20], CUR and PTX [17,22] (conforming simple and mixed
micelles) to optimize tuberculosis and cancer therapy. These micellar systems exhibited
excellent colloidal properties combined with high physicochemical stability under dilution.
The last beings of great clinical importance since micellar systems are dynamic colloidal
nanocarriers, which could undergo dis-assembling upon dilution after administration [43]

In particular, a Soluplus®-based micellar (3% w/v) nanoformulation with RIF (10 mg/mL)
was developed as a respirable nanocarrier with an optimized in vitro microbicidal effi-
cacy versus a RIF solution [20]. In this framework, we aimed to expand the potential of
this nanoformulation by the co-encapsulation with an antioxidant drug as CUR and the
surface decoration of the nanocarrier with mannose residues for an active drug targeting
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macrophages. In this case, CUR was incorporated due to its potential anti-mycobacterial
properties associated with the host immune response modulation [18].

In a first step, we successfully developed a Soluplus® micellar system (10% w/v)
within RIF (10 g/mL) and CUR (5 mg/mL) employing a solvent-diffusion technique.
Samples remain translucent to the naked eye with a bright red color due to the presence of
RIF and CUR without the presence of any aggregates (Figure 3). It is worth stressing that
an increment of the Soluplus® concentration from 3% w/v to 10% w/v was required for
the co-encapsulation of both RIF and CUR. Then, the RIF concentration was 10 mg/mL
since it is clinically relevant for a pulmonary dosage form taking into account that the RIF
concentration in an inhalable formulation could be approximately 100-fold lower than in
an oral dosage form [44].
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Figure 3. TEM micrograph of RIF–CUR (10 mg/mL and 5 mg/mL)-(man)(0.7% w/v)-micelles (10%
w/v). Red arrows point out the polymeric micelles. Scale bar: 100 nm. Photo Inset: (a) Magnification
of TEM micrograph and (b) macroscopic aspect of the drug-loaded micellar dispersion after re-
dispersion in distilled water.

Furthermore, it was observed that 5 mg/mL of CUR was the highest drug concen-
tration that could be employed in order to maintain the colloidal stability of the micellar
system. Higher CUR concentrations led to micellar aggregation and drug precipitation
over time (data not shown).

The DLS analysis at 25 ◦C showed that this nanoformulation exhibited an adequate col-
loidal stability with one size population and a narrow size distribution before (82.2 ±1.7 nm;
PDI: 0.221) and after (81.2 ± 2.1 nm; PDI: 0.138) freeze-drying. A similar trend was ob-
served for the drug-free micellar systems (Table 2). It is worth stressing that the drug
incorporation within the micellar core did not lead to an increase of the micellar size. This
behavior may be connected to the dynamic nature of the PMs where the final hydrody-
namic diameter is mainly associated with the combination of biomaterial and the encapsu-
lated drugs. Similar results were observed after CUR encapsulation in paclitaxel-loaded
Soluplus®/TPGS mixed micelles [17]. At this first approach, micellar nanoformulations
showed good post lyophilization aspects, with easy redispersion in distilled water without
any macroscopic aggregates.
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Table 2. Micellar size and size distribution (PDI) of free and drug-loaded Solupus micelles (10%
w/v) with and without mannose at 25 ◦C, before and after lyophilization. Data are expressed as
mean ± S.D. (n = 5).

Nanoformulation
Gel(man)

Concentration (%)

Before Lyophilization After Lyophilization

Size (nm) (±S.D.) PDI (±S.D.) Size (nm) (±S.D.) PDI (±S.D.)

Drug-free-micelles - 114.1 (1.2) 0.194 (0.002) 124.0 (1.3) 0.217 (0.006)

Drug-free-
(man)micelles

0.25 137.2 (4.1) 0.213 (0.009) 127.4 (0.3) 0.257 (0.006)
0.5 149.1 (1.8) 0.226 (0.003) 145.6 (4.4) 0.264 (0.007)
0.7 287.6 (28.3) 0.414 (0.015) 164.5 (6.7) 0.257 (0.009)
1.0 345.0 (68.7) 0.444 (0.003) 120.6 (4.7) 0.207 (0.009)

RIF–CUR-micelles - 82.2 (1.7) 0.221 (0.007) 81.2 (2.1) 0.138 (0.020)

RIF–CUR-
(man)micelles

0.25 122.2 (3.7) 0.224 (0.003) 113.7 (1.7) 0.215 (0.011)
0.5 147.8 (4.6) 0.244 (0.010) 101.8 (3.8) 0.218 (0.009)
0.7 197.6 (7.4) 0.312 (0.042) 108.1 (0.9) 0.208 (0.001)
1.0 360.2 (11.2) 0.288 (0.004) 366.7 (5.5) 0.424 (0.011)

In a second step, based in previous investigations employing nanocarrier coating
with a mannose-based surfactant for a respirable nanoformulation [45], we performed a
pre-formulation assay in order to determine the amount of Gel(man) (0.25–1% w/v) that
could be employed to surface-coating the micellar system without affecting its colloidal
stability in terms of size and size distribution.

For those systems in the absence of RIF and CUR, it could be observed that the coating
with mannose led to an increment of the micellar size and PDI values. For instance, micellar
size increased from 114.1 ± 1.2 nm (without mannose) to 287.6 ± 28.3 nm (Gel(man) 0.7%
w/v) and 345.0 ± 68.7 nm (Gel(man) 1% w/v) before lyophilisation. A similar trend was
followed by the PDI values (Table 2). It is worth stressing that the Dh determination
includes the micellar corona along with its associated solvent molecules from the external
medium. Hence, the addition of hydrophilic additives as polymers could interact with the
micellar corona, according with their water affinity, and this interaction would influence
the final Dh values. An example of this kind of interaction is the addition of glycols and
PEG 400 to poloxamers and poloxamines [46].

Interestingly, after the freeze-drying process, a decrement of the polydisperity and
the micellar size of the nanoformulations with PDI values between 0.207 and 0.257 was
observed for those systems with a higher (between 0.7% and 1% w/v) content of Gel(man).
This effect could be related to a micellar contraction phenomenon after the lyophilization
process due to the dynamic nature of the PMs. With lower Gel(man) concentrations, the
lyophilisation process did not alter either the PDI values or the micellar size (Table 2).

These results demonstrated that the colloidal stability of Soluplus® (man)micelles
could be enhanced after freeze-drying. In this way, higher amounts of Gel(man) could be
incorporated to actively target the cellular reservoirs of the Mtb.

A similar trend was observed after Gel(man) addition to the co-loaded (RIF and CUR)
micellar dispersions before lyophilisation. The increment of Gel(man) concentration led
to an increment of both micellar size and size distribution with only one size population.
For instance, the micellar size increased from 122.2 ± 3.7 nm to 360.2 ± 11.2 nm for 0.25%
w/v and 1% w/v of Gel(man), respectively. Nevertheless, after freeze-drying, only those
micellar dispersions with the higher Gel(man) content (1% w/v) showed a sharp increment
of micellar size and polydispersity (size and PDI). This could be associated with micellar
aggregation and drug precipitation over time.

On the contrary, Soluplus® (man)micelles with Gel(man) concentrations between
0.25% and 0.7% w/v demonstrated lower hydrodynamic diameters and narrow PDI values
than their counterparts before freeze-drying (Table 2).

Overall, the drug-co-loaded micellar nanoformulation with the higher Gel(man) con-
centration (0.7% w/v) that demonstrated an adequate colloidal stability after freeze-drying
was chosen for further analysis.
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Taking into account the dynamic nature of the PMs, we aimed to further predict their
aggregation behavior after pulmonary administration. To reach this objective, we diluted
(1/50) the drug-loaded nanoformulations with Simulated Interstitial Lung Fluid (SILF)
at 37 ◦C.

Initially, as could be observed in Table 3, there was a decrement of the Dh values after
the PMs dilution in SILF in comparison with the un-diluted systems in distilled water
(Table 2). This reduction of the micellar size could be expended due to the dynamic equi-
librium between copolymer monomers in the bulk and those being part of the polymeric
micelles. Upon dilution, the number of monomers of the micelles could decrease in order
to maintain the free amphiphilic molecules of the bulk. Then, a reduction of the micellar
size could be observed [47].

Table 3. Micellar size and size distribution of the RIF(10 mg/mL)-CUR (5 mg/mL)-loaded micelles
(10% w/v) with and without mannose at 37◦C in simulated interstitial lung medium (SILF, pH 7.4,
sample dilution 1/50) over 24 h. Data are expressed as mean ± S.D. (n = 5).

Nanoformulation Time (h)
Size (nm) (±S.D.)

PDI (±S.D.)
Peak 1 Intensity (%)

RIF–CUR-micelles

0 56.04 (0.48) 100.0 0.044 (0.007)
1 58.15 (0.51) 100.0 0.040 (0.008)
2 58.09 (0.08) 100.0 0.042 (0.009)
3 57.49 (0.51) 100.0 0.037 (0.011)

24 62.69 (0.45) 100.0 0.056 (0.008)

RIF–CUR-(man)micelles

0 61.26 (0.65) 100.0 0.103 (0.016)
1 61.35 (0.27) 100.0 0.068 (0.008)
2 61.44 (0.36) 100.0 0.075 (0.011)
3 60.08 (0.37) 100.0 0.063 (0.004)

24 68.13 (1.10) 100.0 0.080 (0.009)

On the other hand, both micellar systems (in the absence and presence of mannose)
demonstrated colloidal stability after their dilution in SILF over time, as only one size
population with a narrow size distribution was detected over 24 h. Moreover, there was
only a slight size increase from 56.04 ± 0.48 nm (0 h) to 62.69 ± 0.45 nm (24 h) for RIF–
CUR-micelles. A similar trend was followed by the RIF–CUR-(man)micelles where micellar
size increased from 61.26 ± 0.65 nm (0 h) to 68.13 ± 1.10 nm (24 h). In this framework,
these results showed that the micellar dispersions (regardless of the presence of mannose)
exhibited colloidal stability under dilution, standing as a potential nanoformulation for
pulmonary administration.

Finally, a morphological characterization of the RIF (10 mg/mL)-CUR (5 mg/mL)-
(man) (0.7% w/v) micelles (10% w/v) was assessed by TEM visualization. As can be
observed in Figure 3, micelles demonstrated a spherical shape as previously described
for Soluplus®-based PMs [20]. This morphology provides to the nanoformulation a great
potential for drug intracellular accumulation since spherical colloidal nanocarriers could
be easily up-taken by macrophages [48].

3.3. CMC Determination

The CMC value is the concentration at which amphiphilic molecules occupy the
total of the air/water interface and start forming micelles. In the present study, the CMC
was detected from a graph in which the derived count rate as a function of Soluplus® or
Soluplus®(man) (0.7% w/v) concentration (% w/v) was plotted, where the CMC value (%
w/v) was observed as having a sharp increase in the derived count rate.

No difference in CMC value was observed for either treatment. The CMC value for
drug-free micelles was 0.000541% w/v, and the CMC value for drug-free (man)-micelles was
0.000495% w/v. In this case, low CMC values were observed, which ensures micellization
even under diluted conditions [47].
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3.4. Nebulization Studies

Micelles containing RIF, CUR or both, RIF–CUR-(man)micelles, along with the corre-
sponding drug dispersions, were nebulized using an air jet nebulizer (PariSX®) connected
to the NGI, and both in vitro deposition and aerodynamic diameter of droplets were mea-
sured to evaluate their suitability and effectiveness as pulmonary delivery systems. As
can be seen in Table 4, the aerodynamic diameter of all nanosystems was ≤3 µm, without
significant differences between the micellar systems and the drug dispersions, suggesting
that during the nebulization process, the device was capable of forming small droplets
with the appropriate size for pulmonary administration. Indeed, as previously reported,
the devices mainly used for pulmonary administration may generate particles with dif-
ferent aerodynamic diameters, but only the smaller ones (MMAD between 1 and 5 µm)
are deposited by gravitational settling in the deeper part of the lungs, while those with
MMAD > 5 µm are generally recovered in the upper airways (mouth, trachea and main
bronchi) by inertial impaction [27].

Table 4. Total mass output (TMO%), fine particle dose (FPD, mg), fine particle fraction (FPF, %) and
mass median aerodynamic diameter (MMAD) of nanosystems nebulized by using the next generation
impactor (NGI). FPD and FPF values are shown as mean ± S.D. of three experiments; MMAD values
are shown as mean ± geometric standard deviation.

Sample Total Mass
Output (%)

Fine Particle
Dose (FPD) (mg)

Fine Particle
Fraction (FPF) (%)

Aerodynamic Diameter
(± Geometric Standard Deviation)

RIF 86 ± 6 8 ± 3 46 ± 4 1.27 ± 1.18
CUR 88 ± 7 2 ± 0.5 19 ± 3 2.18 ± 1.70

RIF + CUR 89 ± 12 8 ± 2 30 ± 4 2.52 ± 1.88
RIF-micelles 100 ± 3 15 ± 2 75 ± 15 1.26 ± 1.17

CUR-micelles 89 ± 2 5 ± 1 57 ± 6 2.14 ± 1.68
RIF–CUR-micelles 83 ± 6 15 ± 3 62 ± 9 1.65 ± 1.41

RIF–CUR-(man)micelles 81 ± 7 13 ± 2 52 ± 6 2.10 ± 1.66

As previously reported [49], the process of jet nebulization involves repeated cycles
of aerosol formation and recapture in the nebulizer reservoir before the sample leaves
the device, during which shearing forces are applied to the tested formulations, and for
this reason, the carrier characteristics and stability play a key role for its use as a system
for pulmonary administration. The nebulizer content, by using both nanosystem and
dispersions, was not completely aerosolized being that the highest (~100%) total mass
output (TMO) was obtained by nebulizing RIF-micelles, while the lowest (~81%) was by
nebulizing RIF–CUR-(man)micelles (Table 4). This is probably due to the higher viscosity
of the last system, which reduces the efficiency of the device along with the amount of drug
nebulized. Any significant differences were detected between nanosystems and dispersions,
suggesting the good aptitude of both to be nebulized. However, the suitability of RIF, CUR
or both to be nebulized was improved by their incorporation into the nanosystems, as only
the formulations containing Soluplus® alone or combined with Gel(man) were capable of
reaching the latest stages of the impactor in a high amount and percentage, which mimic
the deeper airways. Indeed, the FPD and the FPF obtained by nebulizing the dispersions
was lower and always less than 50% (Table 4). Overall results suggest that the micellar
formulations, especially RIF–CUR-(man)micelles, seem to be ideal systems capable of
effectively delivering both drugs to the deep lung.

3.5. In Vitro Antioxidant Capacity

An experimental Mtb-infection model in guinea pigs demonstrated oxidative stress
conditions associated to endothelial damage mediated by free radicals and an insufficient
serum total antioxidant capacity, similarly to the human TB disease [50]. On this matter,
CUR properties could contribute to adverse lung effects associated with TB infection
together with RIF antibiotic activity. As expected, the antioxidant activity of Cur was
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very high since its capability of scavenging a variety of reactive oxygen species including
superoxide anion radical, hydrogen peroxide, hydroxyl radical, singlet oxygen, nitric oxide
and other organic free radicals is well known [17]. Indeed, the addition of an antioxidant
therapy to the conventional TB treatment could improve the disease outcome [50]. Hence
CUR co-encapsulation with RIF within the mannose-decorated micelles could represent a
potential alternative to optimize pulmonary TB therapy.

Numerous methods are used to evaluate antioxidant activities of natural compounds
in formulations, foods and biological systems. Two free radicals that are commonly used to
assess antioxidant activity in vitro are 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH). The ABTS assay measures the relative
ability of antioxidants to scavenge the ABTS generated in the aqueous phase, while DPPH
is a stable free radical used in organic phases [23].

In the present investigation, the total antioxidant capacity of the different formulations
was assessed by monitoring their ability to scavenge ABTS˙ or DPPH. Every tested sample
containing CUR was able to show antioxidant properties in both assays.

Interestingly, on ABTS˙ experiments, CUR dispersions (2239 ± 153 nmol Trolox Eq/mg,
ABTS˙ inhibition 18.6 ± 1.6%) showed less antioxidant activity compared to the co-loaded
micellar systems (23,075 ± 205 nmol Trolox Eq/mg, ABTS˙ inhibition ~100%) (Table 5).
A similar behavior was observed for the RIF–CUR-(man)micelles (20,404.0 ± 663.0 nmol
Trolox Eq/mg, ABTS˙ inhibition ~100%). For both micellar systems, with and without
mannose, the total antioxidant capacity was significantly higher (p < 0.0001) than CUR
and RIF dispersions (Table 5). The high water affinity of polymeric micelles on aqueous
phases due to their hydrophilic corona allows CUR to exert its antioxidant properties,
compared to poor solubility observed on CUR dispersions. Similarly, RIF solution showed
antioxidant capacity (938 ± 212 nmol Trolox Eq/mg, ABTS˙ inhibition 5.5 ± 0.6%), which
was significantly (p < 0.05) improved once incorporated into the PMs (3918 ± 104, ABTS˙
inhibition 16.0 ± 0.4%). Similar results were observed for the RIF + CUR dispersion
(4523.0 ± 214 nmol Trolox Eq/mg, ABTS˙ inhibition 35.5 ± 1.7%) and the drug-co-loaded
micelles in the absence and presence of mannose (Table 5).

Table 5. Antioxidant activity of nanoformulations (drug-free, RIF-micelles, RIF–CUR-micelles and
RIF–CUR-(man)micelles) and drugs dispersion (CUR, RIF and RIF + CUR), calculated as the inhibition
percentage of ABTS radical. Data are expressed as mean ± S.D. (n = 6).

Sample Total Antioxidant Capacity
(nmol Trolox Eq/mg Sample) ABTS˙ Inhibition (%)

RIF 938.0 ± 212.0 5.5 ± 0.6
CUR 2239.0 ± 153.0 18.6 ± 1.6

RIF+ CUR 4523.0 ± 214.0 35.5 ± 1.7
Drug-free micelles ND ND

RIF-micelles 3918.0 ± 104.0 # 16.0 ± 0.4
RIF–CUR-micelles 23,075.0 ± 205.0 * 99.0 ± 1.0

RIF–CUR-(man)micelles 20,404.0 ± 663.0 * 99.0 ± 6.0
Note: Multiple comparisons were performed using one-way ANOVA and Tukey’s multiple comparisons post-hoc
test. ND: not detected. * p < 0.0001 vs. RIF, CUR, drug-free micelles and RIF-micelles. # p < 0.05 vs. RIF.

In contrast, due to its high solubility on methanol phases, CUR was observed to have
an increased antioxidant activity using the DPPH˙ test compared to ABTS˙ (2678 ± 193 nmol
Trolox Eq/mg, DPPH inhibition 49.7 ± 7.4%). This antioxidant capacity was increased
(3440.0 ± 5.7 nmol Trolox Eq/mg, DPPH inhibition 96.2 ± 0.7%) for the solution of
RIF + CUR. Micelles containing CUR and RIF showed an increased activity compared
to CUR solutions before (3633 ± 68 nmol Trolox Eq/mg, DPPH inhibition 75.6 ± 1.3%) and
after (3302.0 ± 83.0 nmol Trolox Eq/mg, DPPH inhibition 61.6 ± 1.8%) mannose addition
(Table 6). Once again, there was a significant increment in the total antioxidant activity
of RIF (p < 0.0001) and CUR (p < 0.05) after their encapsulation within the polymeric
nanocarriers versus free drugs (Table 6).
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Table 6. Antioxidant activity of nanoformulations (drug-free, RIF-micelles, RIF–CUR-micelles and
RIF–CUR-(man)micelles) and drugs solutions (CUR, RIF and RIF + CUR), calculated as the inhibition
percentage of DDPH radical. Data are expressed as mean ± S.D. (n = 6).

Sample Total Antioxidant Capacity
(nmol Trolox Eq/mg Sample) DPPH˙ Inhibition (%)

RIF 595.0 ± 76.0 18.6 ± 2.9
CUR 2678.0 ± 193.0 # 49.7 ± 7.4

RIF + CUR 3440.0 ± 5.7 96.2 ± 0.7
Drug-free micelles ND 1.0 ± 0.4

RIF-micelles 120.0 ± 37.0 25.2 ± 5.6
RIF–CUR-micelles 3633.0 ± 68.0 * 75.6 ± 1.3

RIF–CUR-(man)micelles 3302.0 ± 83.0 * 61.6 ± 1.8
Note: Multiple comparisons were performed using one-way ANOVA and Tukey’s multiple comparisons post-hoc
test. ND: not detected. * p < 0.0001 vs. RIF, drug-free micelles and RIF-micelles. # p < 0.05 vs. RIF–CUR-micelles
and RIF–CUR-(man)micelles.

Furthermore, both assays demonstrated that the antioxidant properties of CUR were
not affected by its co-encapsulation within PMs.

3.6. In Vitro Drug Release

To better understand the potential of the nanoformulations to deliver RIF and CUR to
the lungs, the in vitro drug releases were evaluated in SILF at 37 ◦C over 24 h employing a
dialysis method.

On the one hand, results demonstrated that RIF could be successfully released from
the polymeric matrix. For instance, 50.4% of RIF was release over 4 h along with a sustained
and complete drug release (~100%) at 24 h for the RIF–CUR-micelles. Interestingly, the
mannose surface decoration slightly slowed the RIF release from those micellar systems.
As can be observed in Figure 4, there was a drug cumulative release of 46.08% after 4 h and
84.2% over 24 h.
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Figure 4. In vitro RIF and CUR release profiles from RIF–CUR-micelles and RIF–CUR-(man)micelles
(10% w/v) at pH 7.4 (SILF, 37 ◦C) over 24 h. Results are expressed as mean ± standard deviation
(S.D.) (n = 3). RIF and CUR concentrations were 10 mg/mL and 5 mg/mL, respectively.

On the other hand, the release of CUR was significantly different from that of RIF,
regardless of the presence of mannose. Indeed, a slowed drug release was observed in
comparison with RIF over 24 h. For instance, after 8 h, 19.9% and 19.7 % of CUR was
released in the release medium from Soluplus® micelles and Soluplus® (man)micelles,
respectively. Then, after 24 h, CUR release was 56.2% and 51.1% from the micellar systems
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with and without mannose, respectively (Figure 4), confirming a reduced effect of mannose
on the CUR release. These results suggested a high affinity between the lipophilic CUR
and the hydrophobic micellar core, as previously observed after CUR encapsulation into
PMs employing Soluplus® [17].

3.7. Hemolysis Assay

For a respirable nanoformulation, it is important to investigate its hemolytic potential,
since drugs will interact with the lung capillary network and the bloodstream after their
pulmonary administration [51].

This is the main reason why the in vitro hemolytic performance of the RIF–CUR-(man)-
micelles, its drug-free counterpart and a RIF solution were compared. The maximum drug
concentration assayed (20 µg/mL) was higher than the therapeutic drug concentrations
in blood [52].

As can be seen in Figure 5, there was no hemolytic effect with the micellar dispersions
and the RIF solution at the different drug concentrations assayed. For instance, a hemolytic
percentage of 0.61 ± 0.28 and 0.81 ± 0.28 was observed for RIF–CUR-(man)micelles and
drug-free-(man)micelles, respectively, for the highest concentration of RIF (20 µg/mL)
(Figure 5). Interestingly, the RIF solution exhibit a hemolytic percentage of 2.17 ± 0.09 at
the same concentration (20 µg/mL) (Figure 5).
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Figure 5. Percentages of hemolysis of RIF, drug-free-(man)micelles and RIF–CUR-(man)micelles at
various concentrations after incubation for 3 h at 37 ◦C. Results are expressed as mean ± S.D. (n = 3).

In this framework, every formulation (mannose-decorated micellar systems and drug
solution) demonstrated to be safe (non-hemolytic), taking into account guidance for the
in vitro hemolysis [53]. This guidance states that pharmaceutical formulations with hemol-
ysis percentages below 10% are considered as non-hemolytic.

3.8. Micellar Lung Accumulation

Previously, we reported the lung accumulation over 24 h of Soluplus® micelles (3%
w/v) [20]. Hence, in order to investigate the fate of the (man)micelles (10% w/v) after their
intratracheal administration in Wistar rats, micellar systems were radiolabeled with 99mTc.
For this purpose, a non-invasive technique was employed by means of acquiring radioiso-
topic planar images. Before the in vivo biodistribution assays, it was confirmed that the
micellar radiolabeling was efficient (98%) where the concentration of predictable impurities
remains under accepted limits [54]. Furthermore, it was observed that radiochemical purity
was >95% in serum samples, denoting no release of 99mTc over 24 h
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Herein, biodistribution assays demonstrated that although the technical procedure
was performed carefully to introduce the 99mTc-(man)micelles in the trachea, and animals
remained in a 45◦ position during the biodistribution time, some of the administered dose
was regurgitated, and the biodistribution profile showed the results of two administration
pathways: oral and intratracheal. For the intratracheal-administered (leftover) fraction
(55% of the administered dose), 10 % was still at the administered point with tracheal
deposition, since no rinse was made following administration, and 45% reached the lungs
after 1 h of the administration (Figure 6A). The other regurgitated fraction (45% of the
administered dose) was distributed in the stomach (15%) and intestines (30%) by the same
time (Figure 6A). Interestingly, after 24 h, the radiolabeled micellar system washed out
from the trachea towards the lungs, where it remained by 53% of lung deposition and
no tracheal accumulation (Figure 6B). On the other hand, stomach and intestines uptake
drastically decreased over 24 h (up to 15%) due to fecal elimination. Altogether, the results
showed that almost 100% of the 99mTc-(man)micelles that reached the lungs remained
there 24 h after the administration.
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Figure 6. Biodistribution of 99mTc radiolabeled Soluplus® (man)micelles (1.85 MBq). Static images
were acquired 1 (A) and 24 h (B) post intratracheal administration by means of a surgical puncture
tracheotomy. Anesthesia: isofluorane. After 24 h post-administration, almost 100% of the 99mTc
(man)micelles of the intratracheal route remained in the lungs (color intensity in the image is not
corrected by physical decay of the signal).

In this framework, the potential as an inhalable nanoformulation for TB therapy is
highlighted due to the ability of the micellar systems to accumulate in lungs over time.

3.9. Microbicidal Efficacy against Mycobacterium tuberculosis

After developing a colloidal RIF–CUR-based micellar nanoformulation, which could
be nebulized to reach the deep lung and accumulated there over 24 h with non-hemolytic ef-
fects, we aimed to evaluate its in vitro microbicidal efficacy. For this purpose, we employed
derived macrophages (THP-1) infected with Mtb (H37Rv strain) by means of multiplicity
of infection (MOI, 10). Samples were diluted to obtain a RIF final concentration of 5 µg/mL,
since this is a comparable RIF concentration to therapeutic drug blood concentrations [52].

As it could be observed in Figure 7, the drug-free-micelles did not decrease the colony
forming units (CFU) of infected macrophages, suggesting that the biomaterial did not
exhibit microbicidal efficacy against Mtb H37Rv. Nevertheless, there was a decrement
of CFU after macrophage incubation with RIF-micelles. These results are being in good
concordance with previous studies employing RIF-loaded Soluplus® micelles (3% w/v) [20].
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Furthermore, the addition of CUR to the micellar system demonstrated a significant decre-
ment (2.0-fold, p < 0.05) of the CFU versus RIF-micelles. These results suggest that the
presence of CUR enhanced the antimicrobial efficacy of the nanoformulation, which is
probably related to CUR’s capacity to induce caspase-3-dependat apoptosis and autophagy
in derived THP-1 macrophages [55]. Similar results were assessed after co-loading of RIF
and CUR in polyethylene sebacate nanoparticles for oral administration [19].
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Figure 7. Intracellular survival of Mycobacterium tuberculosis H37Rv in RIF-(10 mg/mL) micelles
(10% w/v), RIF–CUR (10 mg/mL and 5 mg/mL)-micelles, RIF–CUR (10 mg/mL and 5 mg/mL)-
(man)micelles and drug-free-micelles treated THP-1 cells. Macrophages derived from THP-1 cells
line (1 × 106 cells/mL) were infected with Mtb H37Rv (MOI: 10). After 2 h of infection, the culture
medium was replaced, and cells were cultured with RIF-micelles (5 µg/mL), RIF–CUR-micelles
(5 µg/mL and 2.5 µg/mL) or RIF–CUR-(man)micelles (5 µg/mL and 2.5 µg/mL) for 48 h. Then,
cells were washed and lysed for mycobacterial colony-forming units (CFU) determination. Data are
presented as means of bacterial viability (CFU expressed as percentage of the control) ± standard
error of the mean (SEM), * p < 0.05; φ p < 0.001; ψ p < 0.001. p values were calculated using one-way
ANOVA with post hoc Tukey’s multiple comparisons test.

Furthermore, promising results were observed after the mannose coating of the RIF–
CUR-micelles. In this case, a significant decrement (p < 0.05, 5.2-fold) of the CFU in
comparison with their mannose-free counterpart was observed. Furthermore, an approxi-
mately 10-fold decrement of the CFU was observed for the mannosylated systems versus
RIF-micelles (Figure 7). Similar results were observed for mannosylated nanoparticles
covalently linked with isoniazid where the mannosylation strategy effectively promoted
the complete bacterial eradication in comparison with the free drug and mannose-free
nanoparticles [56]. Furthermore, mannosylated solid lipid nanoparticles loaded with iso-
niazid also demonstrated an enhanced intracellular antibiotic efficacy in vivo [57]. In this
way, previous studies have demonstrated that mannosylation improves the macrophage
uptake of solid lipid nanoparticles associated with the presence of the membrane mannose
receptor in human THP1 macrophages [58].

The overall results highlight the potential of our mannosylated nanoformulation for
an active drug targeting macrophages, leading to an improved inhalable anti-TB therapy.

4. Conclusions

A respirable co-loaded micellar system for an active RIF and CUR delivery to macrophages
was successfully developed. To the best of our knowledge, this is the first time that RIF and CUR
were co-loaded in a mannose surface-decorated micellar system for pulmonary administration.
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The micellar dispersion coated with mannose demonstrated an excellent colloidal sta-
bility even after dilution in SILF. Furthermore, the antioxidant properties of CUR were not
affected by its encapsulation within PMs. Our nanoformulation did not exhibit hemolytic
potential, and it was suitable for nebulization and drug delivery to the deep lung, according
to its aerodynamic diameter. In vivo biodistribution studies confirmed the lung accumu-
lation of the radiolabeled PMs over 24 h. Furthermore, the in vitro microbicidal efficacy
against Mtb H37Rv was clearly enhanced after mannose coating. In this context, the poten-
tial of our mannose-coated RIF–CUR-nanoformulation for an optimized pulmonary anti-TB
therapy was confirmed. Further studies employing an in vivo TB-infection model will be
performed to investigate the anti-TB performance of this nanoformulation to optimize TB
pulmonary therapy.
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Abstract: The peptide hormone, angiotensin (Ang-(1–7)), produces anti-inflammatory and protective
effects by inhibiting production and expression of many cytokines and adhesion molecules that are
associated with a cytokine storm. While Ang-(1–7) has been shown to reduce inflammation and
airway hyperreactivity in models of asthma, little is known about the effects of Ang-(1–7) during
live respiratory infections. Our studies were developed to test if Ang-(1–7) is protective in the
lung against overzealous immune responses during an infection with Mycoplasma pneumonia (Mp),
a common respiratory pathogen known to provoke exacerbations in asthma and COPD patients.
Wild type mice were treated with infectious Mp and a subset of was given either Ang-(1–7) or
peptide-free vehicle via oropharyngeal delivery within 2 h of infection. Markers of inflammation
in the lung were assessed within 24 h for each set of animals. During Mycoplasma infection, one
high dose of Ang-(1–7) delivered to the lungs reduced neutrophilia and Muc5ac, as well as Tnf-α and
chemokines (Cxcl1) associated with acute respiratory distress syndrome (ARDS). Despite decreased
inflammation, Ang-(1-7)-treated mice also had significantly lower Mp burden in their lung tissue,
indicating decreased airway colonization. Ang-(1–7) also had an impact on RAW 264.7 cells, a
commonly used macrophage cell line, by dose-dependently inhibiting TNF-α production while
promoting Mp killing. These new findings provide additional support to the protective role(s) of
Ang1-7 in controlling inflammation, which we found to be highly protective against live Mp-induced
lung inflammation.

Keywords: angiotensin-(1–7); Mycoplasma pneumoniae; asthma; inflammation; macrophages

1. Introduction

Angiotensin-(1–7) or Angiotensin1–7, here forth referred to as Ang-(1–7), is an endoge-
nous peptide that is produced from Angiotensin II by angiotensin-converting enzyme
2 (ACE2). Ang-(1–7) has been shown to inhibit inflammatory actions of Angiotensin II
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through interactions with the Mas receptor. This axis is known to counteract and balance the
vasoconstrictive effects of the renin-angiotensin system [1]. Recent studies have described
how Ang-(1–7) opposes this inflammatory pathway, and as such, long-term administration
of Ang-(1–7) has been shown to reduce oxidative stress and pro-inflammatory cytokine
production in animal models [1]. Additional clinical positive effects on Ang-(1–7) reported
include prevention of cardiac output reduction, cardiomyocyte size normalization, inter-
stitial fibrosis and lung fibrosis reduction, decreased collagen deposition, and prevention
of oxidative damage in vessels [2–5]. Papinska et al. proposed that Ang-(1–7) treatment
inhibits all of the contributing factors that lead to structural remodeling in the lungs [1].
Other efforts have also delved into mechanistic pathways by which the ACE2/Ang-(1-
7)/Mas axis acts to inhibit certain inflammatory pathways, one of which is thought to be
directly involved in suppressing ERK and NF-κB-dependent signaling pathways [6,7].

A key regulator of heart, vascular, kidney, and brain function is the ACE2 enzyme,
which is an important component of the well-described renin–angiotensin system (RAS) [8].
The ACE-AngII-AT1R system is thought to be opposed physiologically, and balanced
by the ACE2–Ang-(1-7)-Mas system [9–11]. These two separate enzymatic pathways of
RAS are thought to be involved in functionally balancing reactive oxygen species (ROS),
nitric oxide (NO) production and inflammation, in several areas of the body, including
peripheral tissues and the brain [8,9,12]. The beneficial and tissue protective effects of
Ang-(1–7) are generated by Ang-(1–7) binding to the G-protein-coupled Mas receptor.
Studies in our labs have shown that Ang-(1–7) and its derivatives decrease IL-6, IL-7,
TNF-α, and macrophage influx into the brain [13], and reversed cognitive impairment
caused by systemic inflammatory disease caused by heart failure. Studies by others have
shown activation of the ACE2–Ang-(1-7)-Mas system is associated with inhibition of the
ERK1/2 pathway [14] and inhibition of leukocyte influx and inflammatory tissue damage.

Mas receptors are present in the lung epithelium, and with regard to resolving pul-
monary inflammation, connections between Ang-(1–7) and the Mas receptor have been
observed [15]. Research is ongoing to better understand the mechanisms of the ACE2/Ang-
(1-7)/Mas axis and the role these cellular and molecular actions play within acute lung
injury and lung fibrogenesis [16]. Along these lines, studies have also demonstrated the
importance of the Mas receptor-dependent anti-inflammatory effects of Ang-(1–7) in the
OVA model of allergic airways disease [6,17,18]. A considerable number of in vivo studies
demonstrates the beneficial actions of the ACE2/ANG-(1–7) axis in acute lung injury in
several animal models [19–21].

Outside of the respiratory system, Ang-(1–7) has also shown function as a vasodilator
with anti-thrombotic and anti-proliferative effects in pre-clinical trials [3,22]. These biologi-
cal characteristics have suggested potential indications of Ang-(1–7) as a therapeutic drug
option for cardiovascular disease conditions, such as hypertension, as well as a prospective
cancer therapy [23,24]. Formulations of Ang-(1–7) have been administered in several clini-
cal trials for the treatment of a variety of conditions, including pre-eclampsia, as well as for
ovarian cancer patients undergoing chemotherapy [25,26]. We have previously published
results showing cognitive protection following treatment with the native and glycosylated-
Ang-(1-7), in our model of inflammation-induced cognitive impairment [13,27].

Additional studies from our group have shown that Ang-(1–7) derivatives decrease
TNF-α, IL-7, IL-6, MCP1, and G-CSF while increasing the protective cytokine, IL-10,
and inhibiting macrophage influx into the brain [13]. Cytokine release syndrome (CRS)
or “cytokine storm” is defined as a massive systemic inflammatory response that can be
triggered by a variety of factors including viruses, influenza, bacterial infections, and certain
antibody-based therapeutic drugs, most common among these being chimeric antigen
receptor (CAR)-T cell infusion in hematological patients [28]. The trigger stimulus typically
results in the lysis of immune cells and release of IFN−γ and TNF−α. This in turn results in
a feed-forward cascade of the release of pro-inflammatory cytokines from macrophages and
endothelial cells leading to a cytokine storm [28]. In the CAR-T cell associated CRS patients,
IL-6 is thought to be the driver in clinical symptoms with tocilizumab, a monoclonal
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antibody directed against IL-6 receptors, as a first line of therapy [29,30]. Given that Ang-
(1–7) and derivatives are pluripotent and known to inhibit many of the cytokines activated
in the “cytokine storm”, our study was set up to test the efficacy of Ang-(1–7) in controlling
inflammation during live pulmonary infection with Mp.

Infection with the Mp, also known as “walking pneumonia”, is a common cause of
respiratory illnesses in children and often leads to exacerbations in asthma and COPD
patients [31–34]. Colonization of Mp in the airway is a potent inducer of TNF-α production
and is associated with increased neutrophilia in the lung [31]. The objective of the present
study was to determine if treatment with Ang-(1–7) peptide would provide protective and
anti-inflammatory effects in Mp-challenged mice. We discovered that when given within
2 h of Mp infection, one dose of Ang-(1–7) delivered to the lungs significantly reduced
neutrophilia and Muc5AC, as well as TNF-α and KC. Despite decreased inflammation, Ang-
(1–7) treatment also resulted in significantly lower Mp burden in the lung tissue, which
in vitro studies suggest may be through Ang-(1-7)-dependent enhanced macrophage killing
mechanisms. To the authors’ knowledge, this study is the first to report these findings.

2. Methods
2.1. Animal Models

BALB/c male mice (~22–27 grams) were purchased from Jackson labs (Bar Harbor, ME,
USA) for use in this model of Mp infection. Each experimental group was approximately
6–8 weeks of age and included of a vehicle group, a Mp infection only group, a Mp
infection given a low dose Ang-(1–7) (Sigma, St. Louis, MO, USA) treatment group, and
a Mp infection given high dose Ang-(1–7) treatment group. All animals were sacrificed
after 24 h of infection for analysis of inflammation. The study was repeated twice with an
n = 10 for each experimental condition. All studies were on protocols approved and in
accordance with the University of Arizona Institutional Animal Care and Use Committee
(IACUC) on protocol number 15-575, with approval dates 2/06/2018 and 2/06/2021.

2.2. Pathogen-Challenge and Drug Treatment

Mp was given via intranasal instillation at 1 × 108 Mp delivered in 50 µL per mouse, as
previously described [35]. The experimental vehicle group, which did not receive the Mp,
received a dose of sterile saline via intranasal instillation. Ang-(1–7) was given two hours
post-infection via forced oropharyngeal instillation at a low dose of 0.3 mg/kg and a high
dose of 1.0 mg/kg, while mice were under isoflurane anesthesia. Doses of Ang-(1–7) were
based on previous publications in which Ang-(1–7) was active in repressing inflammation
in murine models in the 0.3 and 1.0 mg/kg range [6,13]. Forced oropharyngeal delivery
is used in place of traditional intratracheal incisions as we have previously shown [36].
All members performing this procedure have been trained with Evan’s blue dye to insure
their technique results in lung delivery, and not delivery to the gut. The animals that
were not treated with Ang-(1–7) received sterile saline via oropharyngeal instillation.
Bronchoalveolar lavage (BAL) fluid and lungs from the mice were harvested twenty-
four hours post-infection for cellular analysis, qPCR, ELISA, and histological analysis of
inflammatory biomarkers.

2.3. Bronchoalveolar Lavage (BAL) Fluid Cell Counts and Cell Differentiation

Twenty-four hours post-infection, mice were euthanized through intraperitoneal
injection of a lethal dose of urethane. Lungs were gently flushed with 1.25 mL of PBS
(0.1 mM EDTA) to obtain bronchoalveolar lavage fluid (BALF) via a cannulated trachea.
The cell-free lavage fluid was used to assess cytokines and chemokines. BALF cells were
enumerated by an automated cell counter (Countess, Thermo Fisher Scientific, Waltham,
MA, USA) with Trypan blue exclusion for cell viability. Differential cell counts were
assessed by use of the Easy III Stain Kit.
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2.4. Lung Tissue Preparation for Histological Analysis

Both left and right lung lobes were collected from each mouse subject following BALF
collection. Right lung lobes were collected and processed for RNA extraction. Left lung
lobes were preserved by immersion in 10% formalin. Left lung lobes were transferred to
immersion in 70% ethanol at least 3 days following collection of samples. Left lung samples
were processed for hematoxylin and eosin (H&E) staining, and sections of each lung
sample were scored in a blinded manner according to a standard scale: 0 = only alveolar
macrophages were detected throughout entire tissue section; 1 = very few neutrophils
observed throughout entire tissue section; 2 = neutrophils present in alveolar airspaces
only; 3 = neutrophils observed in alveolar airspaces and in lymphatics; 4 = neutrophils
observed in alveolar airspaces, in lymphatics and in the lumen of large airways.

2.5. RT-PCR Analysis

Right lung lobe tissue was collected from each subject and processed for RNA ex-
traction, cDNA synthesis, and real-time polymerase chain reaction (RT-PCR) analysis.
Bio-RadTM (Bio-Rad laboratories, Hercules, CA, USA) cDNA Synthesis kit was used to
synthesize DNA from 1 µg of total RNA. Quanta bio PerfeCTa SYBR Green Supermix
(Quanta BioSciences, Gaithersburg, MD, USA) was used to perform RT-PCR. The gene
expression of Mp P1-adhesin, TNF-α, Muc5ac, and KC were measured in mice lung tissue
by RT-PCR. The mammalian housekeeper gene cyclophilin was used for expression level
normalization.

2.6. Growth and Stimulation of RAW 264.7 Cells

RAW 264.7 cells were purchased from ATCC (TIB-71™, Manassas, VA, USA) and
grown according to standard conditions. For TNF-α stimulation, RAW cells were grown
until confluent in 24-well culture plates (~500,000 cell per well). On the day of challenge,
media was removed and replaced with media containing differing doses of Ang-(1–7) or
vehicle control, 30 min prior to Mp stimulation. Mp was added at a MOI of 10:1 and allowed
to stimulate cells for 4 h, after which the media was removed and TNF-α levels determined
by ELISA. For Mp killing assays, RAW cells were seeded at a density of ~100,000 cells per
well into a 96-well tissue culture plate and allowed to adhere (~4 h). Media was removed
and prepared Mp was added at a MOI of 2:1 (200,000 Mp to 100,000 seeded cells) with
increasing doses of Ang-(1–7) or vehicle control (saline). After 18 h, a 10-µL sample was
taken from each well, diluted 1:100 in SP4 media and plated on PPLO agar plates. After 2
weeks of incubation at 35 ◦C with no CO2, Mp counts were enumerated with the aid of
a microscope at 4x magnification. At the dosing range used for these studies, Ang-(1–7)
did not appear to directly impact Mp growth alone as no differences in colony counts were
detected when Ang-(1–7) was added to Mp alone in the range of 0–0.5 µg/mL. Cell viability
was assessed over a 24-h period, in which increasing doses of Ang-(1–7) were added by
Trypan blue exclusion with the aid of an automated cell counter (Countess, Thermo Fisher
Scientific, Waltham, MA, USA). Doses were examined in triplicate wells.

2.7. ELISA Analysis

Media from the RAW cell studies (diluted 1:10–1:100) were examined for TNF-α
protein levels according to standard methods of the Mouse TNF-α ELISA MAX Deluxe Set
protocol (R&D Biosystems, Minneapolis, MN, USA).

2.8. Statistical Analysis

Prism software (GraphPad, version 8.1.2) was used for all statistical analyses. Data
comparisons and analysis for significance was performed using ordinary one-way ANOVA
with Turkey’s multiple comparisons test. Reported significance if * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.

158



Pharmaceutics 2021, 13, 1614

3. Results
3.1. Effect of Ang-(1–7) on Inflammatory Cells in the BALF Post Mp-Infection

Infection with Mycoplasma pneumoniae resulted in a significant decrease in the percent-
age of macrophages, while increasing the percentage of neutrophils present in the BALF
as compared to non-infected controls (Figure 1A,C). The total number of macrophages
remained consistent (Figure 1B); however, the total number of neutrophils in the Mp-
infected only group was significantly increased compared to non-infected vehicle control
(Figure 1D). The group receiving the high dose (1.0 mg/kg) Ang-(1–7) treatment following
Mp infection had significantly fewer neutrophils, as measured as a percentage of cells
recovered and by total neutrophil counts as compared to the Mp infection only group
(Figure 1C,D). The group receiving a low dose (0.3 mg/kg) Ang-(1–7) treatment had a
significant decrease in the total number of neutrophils as compared to the group with Mp
infection only (Figure 1D).

3.2. Effect of Ang-(1–7) on Mp Burden in Lung Tissue

Colonization and infection by Mp occurs through adhesion of the bacteria to cells in
the host respiratory tract [37]. Adhesin-P1, an Mp specific adhesin protein, was used to
quantify the Mp burden from lung samples of the infected mice [35]. The expression of
adhesin-P1 was measured by PCR. As shown in Figure 2, there was a significant decrease in
Mp burden among both the low and high dose Ang-(1–7) treatment groups when compared
to Mp infected only mice.

3.3. Effect of Ang-(1–7) on Muc5ac, Cytokines, and Chemokines during Mp Infection

Typical markers associated with Mp infection were assessed to determine if Ang-(1–7)
would have an impact on inflammation: the mucin gene Muc5AC, the cytokine TNF-α, and
the neutrophil recruiting KC (Cxcl1). Both low dose and high dose Ang-(1–7) treatments
led to significantly decreased Tnf-α and Cxcl1 gene expression in lung tissue following Mp
infection (Figure 3A,B). Cxcl1 levels were elevated 12 h after Mp infection, which were
significantly decreased by the high dose of Ang-(1-7). While Cxcl1 levels were lower by
24 h of infection compared to 12 h of infection, Ang-(1–7) treated groups continued to have
reduced expression at both the low and high doses. Mp infection led to a slight increase in
Muc5AC by 24 h; however, both Mp-infected groups treated with either low or high doses
of Ang-(1–7) had significantly lower Muc5ac gene expression in lung tissue as compared to
Mp-infected (Figure 3C).

3.4. Effect of Ang-(1–7) Treatment on Lung Tissue Inflammation in Histological Sections

In order to determine if Ang-(1–7) impacted tissue inflammation during acute Mp
infection, left lung sections were processed for H&E staining, and sections of each lung
sample were scored according to standard scale. From the four treatment groups described
above, sections of each lung sample were scored in a blinded manner according to a
standard scale: 0 = only alveolar macrophages were detected throughout entire tissue
section; 1 = very few neutrophils observed throughout entire tissue section; 2 = neutrophils
present in alveolar airspaces only; 3 = neutrophils observed in alveolar airspaces and in
lymphatics; 4 = neutrophils observed in alveolar airspaces, in lymphatics, and in the lumen
of large airways. Mice treated with Ang-(1–7) during Mp infection, at both low and high
doses, had significantly less lung tissue inflammation compared to Mp-infected mice given
vehicle (Figure 4).
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Figure 1. The effect of Ang-(1–7) on inflammatory cell recruitment in Mycoplasma pneumoniae–
challenged BALB/c mice. A–D) Mice were infected with Mp (or vehicle control) and 2 h later were
treated with Ang-(1–7) at high (1 mg/kg body weight) or low (0.3 mg/kg body weight) doses.
Total cells present in the BALF were assessed by differential staining. (A) The percentage, (B) total
macrophages, (C) the percentage, and (D) total neutrophils present in the BAL 24 h post infection are
reported. Data are expressed in mean ± SEM. n = 8–10 mice/group, two independent experiments
combined. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by one-way ANOVA for multiple
comparisons.

160



Pharmaceutics 2021, 13, 1614
Pharmaceutics 2021, 13, 1614 7 of 14 
 

 7

. 

Figure 2. The effect of Ang-(1–7) on Mycoplasma pneumoniae burden in lung tissue. Mp burden was 
determined in lung tissue by RT-PCR for Mp-specific P1-adhesin gene expression relative to house-
keeper, Cyclophilin. Data are expressed in mean ± SEM. n = 8–10 mice/group, two independent 
experiments combined. ** p < 0.01, *** p < 0.001 by one-way ANOVA for multiple comparisons. 

 
Figure 3. The effect of Ang-(1–7) on indices of inflammation during infection with Mycoplasma pneumoniae. (A) Tnf-α, (B) 
Cxcl1 (KC), and (C) Muc5AC gene expression were examined in lung tissue by RT-PCR in a subset of mice at either 12 h 
or 24 h post infection, as indicated. Data are expressed in mean ± SEM, relative to housekeeper gene expression. n = 5 
mice/group and representative of two independent experiments. * p < 0.05, ** p < 0.01 by one-way ANOVA. 

3.4. Effect of Ang-(1–7) Treatment on Lung Tissue Inflammation in Histological Sections 
In order to determine if Ang-(1–7) impacted tissue inflammation during acute Mp 

infection, left lung sections were processed for H&E staining, and sections of each lung 
sample were scored according to standard scale. From the four treatment groups de-
scribed above, sections of each lung sample were scored in a blinded manner according 
to a standard scale: 0 = only alveolar macrophages were detected throughout entire tissue 
section; 1 = very few neutrophils observed throughout entire tissue section; 2 = neutrophils 
present in alveolar airspaces only; 3 = neutrophils observed in alveolar airspaces and in 
lymphatics; 4 = neutrophils observed in alveolar airspaces, in lymphatics, and in the lu-
men of large airways. Mice treated with Ang-(1–7) during Mp infection, at both low and 

Veh
icl

e 

Mp O
nly

Mp + 
LD

Mp + HD
0.01

0.1

1

10

100

 

M
p 

P1
-a

dh
es

in
/C

yc
lo

ph
ili

n

** ***

***

Figure 2. The effect of Ang-(1–7) on Mycoplasma pneumoniae burden in lung tissue. Mp burden
was determined in lung tissue by RT-PCR for Mp-specific P1-adhesin gene expression relative to
housekeeper, Cyclophilin. Data are expressed in mean ± SEM. n = 8–10 mice/group, two independent
experiments combined. ** p < 0.01, *** p < 0.001 by one-way ANOVA for multiple comparisons.
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Figure 3. The effect of Ang-(1–7) on indices of inflammation during infection with Mycoplasma pneumoniae. (A) Tnf-α,
(B) Cxcl1 (KC), and (C) Muc5AC gene expression were examined in lung tissue by RT-PCR in a subset of mice at either 12 h
or 24 h post infection, as indicated. Data are expressed in mean ± SEM, relative to housekeeper gene expression. n = 5
mice/group and representative of two independent experiments. * p < 0.05, ** p < 0.01 by one-way ANOVA.
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Figure 4. The effect of Ang-(1–7) on pulmonary inflammation in H&E stained slides of sectioned mouse lung. (A) Average
grade scores for each experimental group. Data are expressed in mean ± SEM. n = 5 mice/group. Representative H&E
stained lung sections at 20X magnification from (B) saline vehicle, (C) Mp infection only (arrows in boxed enlargement
indicate neutrophils), (D) Mp infection with high dose Ang-(1–7) treatment. ** p < 0.01, *** p < 0.001 by one-way ANOVA
for multiple comparisons.

3.5. Ang-(1–7) Dose-Dependently Inhibits TNF-α Secretion from RAW 264.7 Cells Following
Mp Challenge

Since macrophages are the predominant producers of TNF-α during airway infection,
we sought to determine if Ang-(1–7) would have an impact on Mp-induced TNF-α pro-
duction in vitro. For these studies, we used a common macrophage cell line, RAW 264.7,
which is known to produce high levels of TNF-α. As shown in Figure 5A, Ang-(1–7) had
no impact on TNF-α secretion at low doses; however, starting at doses of 5 µg/mL or
higher, we did see an inhibition of TNF-α by RAW 264.7 cells. We based our Ang-(1–7) dose
response to be within the limits of cell tolerability, as this peptide has not shown toxicity
at levels up to 1000 µg/mL in five other cell lines, as recently published [38]. In line with
these results, Ang-(1–7) did not reduce RAW 264.7 cell viability at any of the doses tested
over a 24 h period (Figure 5B).

3.6. Ang-(1–7) Dose-Dependently Promotes Killing of Mp by RAW Cells In Vitro

We next set out to investigate if Ang-(1–7) had an impact on Mp-killing activity in
RAW 264.7 cells. In our study, we compared the killing efficiency of RAW cells with and
without Ang-(1–7) over an 18 h incubation period. While RAW cells effectively reduced Mp
CFUs in media by 25% in 18 h, RAW cells given Ang-(1–7) had a greater reduction in Mp
CFUs in a dose-dependent manner, with the lowest dose reducing 48% (* p < 0.05 versus
RAW cells + vehicle) and the highest dose reducing Mp by 75% (**** p < 0.0001 versus
RAW cells + vehicle) (Figure 5C). At the dosing range used for these studies, Ang-(1–7) did
not appear to directly impact Mp growth alone as no differences in colony counts were
detected when Ang-(1–7) was added to Mp alone in the range of 0–0.5 µg/mL (not shown).
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n = minimum of two repeats with triplicates for each. (B) RAW cells were incubated with increasing doses of Ang-(1–7)
in triplicate for 24 h and viability assessed by Trypan blue exclusion using a Countess cell counter. (C) RAW cells were
stimulated with Mp (MOI of 2:1) with increasing doses of Ang-(1–7) or vehicle control (saline) for 18 h, after which a sample
was taken from each well, diluted 1:100 in SP4 media and plated on PPLO agar plates. CFUs were counted after 2 weeks of
growth. n = minimum of two repeats with triplicates for each. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by the t-test
for each respective dose.

4. Discussion

The role of Ang-(1–7) in reducing allergic inflammation in animal models has been
previously reported; however, the role of this protective peptide hormone in treating infec-
tions common among many chronic asthma sufferers has not been described. Mycoplasma
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pneumoniae is known to colonize the airways of patients considered to have chronic asthma,
and this underlying bacterial infection is thought to contribute to asthma exacerbations
among these patients. Therefore, we thought it would be important to understand how
secondary illnesses common among asthmatics affect the efficacy of a potentially new drug
being considered for the treatment of asthma.

Our research aimed to address how Ang-(1–7) would perform during acute infection
with Mp. The main findings of this study indicate that Ang-(1–7) has the ability to pro-
vide protection in an experimental mouse model of acute Mp infection by ameliorating
inflammatory phenotypes within 24 h of infection. We chose to test Ang-(1–7) delivery to
the lungs, as we believed this would have the greatest impact to controlling inflammation.
However, additional therapeutic routes, including oral or aerosol delivery via nebulizer,
which would be congruent with options for humans, should be explored. In support of this,
our colleagues recently reported excellent aerosol dispersion performance of Ang-(1–7)
with a human DPI device and in vitro human cell viability assays showed that Ang-(1–7)
was biocompatible and safe for different human respiratory cells [38]. We chose to only
assess Ang-(1–7) treatment when given shortly (within 2 h) after an infectious challenge.
While our findings indicate that high doses of Ang-(1–7) led to decreased infiltrating neu-
trophils, as well as the cytokines and chemokines that can recruit them, TNF-α and Cxcl1,
we recognize in humans it would be more translatable to give Ang-(1–7) treatment after
symptoms of “walking pneumoniae” are more evident, which could occur several days
after exposure. Future studies should address the timing for Ang-(1–7) dosing to see how
long after Mp infection, delivery of Ang-(1–7) is still efficacious to increase the availability
in clinical practices.

Mp infections among asthmatic patients have been associated with a dramatic spike
in levels of TNF-α [39]. We provide evidence that Ang-(1–7) treatment can significantly
reduce levels of TNF-α at the RNA and protein levels during Mp infection. In addition,
Ang-(1–7) dose-dependently reduced TNF-α production or secretion from Mp-stimulated
RAW 264.7 cells, which are a macrophage cell line. While RAW 264.7 cells are well utilized
in the field for drug screening, future studies should test Ang-(1–7) on primary macrophage
populations from humans to validate our findings. Since macrophages are the predominant
producers of TNF-α during respiratory infection, it is relevant that Ang-(1–7) can work
directly on these cells during Mp stimulation. Reducing any downstream impacts of TNF-α
driven inflammation would likely have additional positive impacts for asthmatic patients
beyond those we detected and should be examined in future studies.

Similarly, mucus production is an important factor when evaluating treatments for
asthma, as mucus hyper-secretion into the airway lumen obstructs airways and worsens
asthma symptoms [40]. Along these lines, we found that Muc5AC gene expression was sig-
nificantly decreased during Mp infection following treatment with Ang-(1-7). Interestingly,
the level of Muc5AC was repressed by Ang-(1–7) during infection below the levels normally
present without infection. This suggests that Ang-(1–7) may have an inhibitory impact of
on mucin production in the absence of infection, which should be further studied. While
an increase in mucin production was not evident at this early timepoint, future directions
should examine the impact of Ang-(1–7) treatment in longer models of Mp infection to
see if the reduced Muc5AC gene expression results in deceased mucin production in lung
sections. Examination of lung histological sections revealed enhanced neutrophilia in
airways of Mp infected mice, while those treated with Ang-(1–7) were more similar to
untreated controls. So not only did Ang-(1–7) results in fewer neutrophils migrating into
the lung lumen, it also impacted neutrophils migrating into the lung tissue.

Along with providing a promising therapeutic option for the treatment of asthma, the
results of this study also indicate that Ang-(1–7) treatment may be helpful for controlling
inflammation during Mp infection, and in the clearance of Mp. While fewer neutrophils
were detected in the Ang-(1–7) treatment groups, the Mp burden was also decreased. This
was somewhat surprising given that neutrophils would contribute to Mp killing in the
lungs. This finding of fewer neutrophils and reduced Mp burden, suggest that another
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compensatory mechanism for pathogen removal may have been activated. Those could
include more activation of macrophages prone for pathogen killing or an induction of
epithelial-driven antimicrobial host defense.

We next conducted studies to see if Ang-(1–7) had any direct antimicrobial impact on
Mp and we found that Ang-(1–7) alone was not able to reduce Mp CFUs over a two-week
growth period (data not shown). However, Mp-killing studies in RAW 264.7 cells in the
presence or absence of increasing concentrations of Ang-(1–7) indicated that RAW cells
had increased Mp-killing efficiency with increases doses of Ang-(1-7). This suggests that
Ang-(1–7) may have a therapeutic potential in stimulating macrophages to better eliminate
pathogens in the lungs. Since Ang-(1–7) and analogs are known to reduce ROS and promote
NO production, it is likely this Ang-(1–7) activity contributes to the enhanced Mp-killing
function by macrophages. Future studies should evaluate this possible mechanism and
the ability of Ang-(1–7) to assist in clearance of other infectious agents common among
asthmatics, such as human rhinovirus (HRV) and respiratory syncytial virus (RSV) [41].

While most commonly known as a vasodilator agent with important roles in the
cardiovascular system, Ang-(1–7) has also emerged with anti-oxidant, anti-inflammatory,
and anti-fibrotic effects in several model systems [6,42]. Importantly, Ang1-7 inhibits
production and expression of many cytokines and adhesion molecules associated with
a cytokine storm [43,44] and delivery of exogenous Ang1-7 has been shown to improve
oxygenation and can be safely delivered to humans [25,45,46]. In line with these studies,
we add that not only does Ang-(1–7) reduce inflammation during live respiratory infection
with Mp, it also leads to a significant reduction in Mp pathogen burden and reduction of
mucin production in the airways.

5. Conclusions

To our knowledge, this is the first study to demonstrate the effects of Ang (1-7) peptide
in Mp lung infection and offer mechanistic insight into macrophage killing mechanisms.
Taken with the many previous studies in various models in which Ang-(1–7) peptide has
anti-inflammatory activity, our studies not only support these findings, but also bring to
light a potentially novel indication, i.e., as a therapeutic for the treatment of respiratory
infections.
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Abstract: The feasibility of using respirable bacteriophage (phage) powder to treat lung infections
has been demonstrated in animal models and clinical studies. This work investigated the influence
of formulation compositions and excipient concentrations on the aerosol performance and storage
stability of phage powder. An anti-Acinetobacter baumannii phage vB_AbaM-IME-AB406 was incorpo-
rated into dry powders consisting of trehalose, mannitol and L-leucine for the first time. The phage
stability upon the spray-drying process, room temperature storage and powder dispersion under
different humidity conditions were assessed. In general, powders prepared with higher mannitol
content (40% of the total solids) showed a lower degree of particle merging and no sense of stickiness
during sample handling. These formulations also provided better storage stability of phage with
no further titer loss after 1 month and <1 log titer loss in 6 months at high excipient concentration.
Mannitol improved the dispersibility of phage powders, but the in vitro lung dose dropped sharply
after exposure to high-humidity condition (65% RH) for formulations with 20% mannitol. While
previously collected knowledge on phage powder preparation could be largely extended to formulate
A. baumannii phage into inhalable dry powders, the environmental humidity may have great impacts
on the stability and dispersion of phage; therefore, specific attention is required when optimizing
phage powder formulations for global distribution.

Keywords: phage therapy; spray drying; bacterial lung infections; environmental humidity; aerosol
performance; inhalation

1. Introduction

With the overuse and misuse of antibiotics, antimicrobial resistance (AMR) has become
one of the greatest threats to human health worldwide [1]. To guide research efforts aiming
to develop new treatment strategies, the World Health Organization (WHO) published the
first global priority pathogen list in 2017 [2]. Among all identified bacteria, Acinetobacter
baumannii has been ranked as the number one critical-priority pathogen, emphasizing the
extent of the threats posed to human health and the urgency for new treatment strategies.
In fact, A. baumannii is generally regarded as a low-virulence pathogen. However, it has
such an exceptional ability to acquire resistance to antibiotics that the resistance rates of
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multidrug-resistant (MDR), extensively drug-resistant (XDR), and pandrug-resistant (PDR)
A. baumannii were 50.2%, 28.5%, and 14.0%, respectively, presenting a significant clinical
challenge in choosing appropriate treatment regimens [3]. Last-line antibiotics, such as
polymyxins and carbapenems, have been increasingly used as the only therapeutic option
for life-threatening infections [4], but outbreaks of PDR A. baumannii have been increasing
reported worldwide with a mortality rate of 26.0–55.7% [5].

Bacteriophage (phage) therapy is now being re-introduced in Western countries [6]
and has been listed as one of the top alternatives to address the AMR threat [3]. The
safety and efficacy of phage in treating patients against drug-resistant A. baumannii have
been demonstrated in multiple cases of life-saving therapeutic use [7–9]. With pneumonia
being one of the most frequent clinical manifestations of A. baumannii infection, increasing
attention has been given to the investigation of the effectiveness of A. baumannii phage in
treating lung infections [10–14]. Although nebulization has been the method of choice for
phage delivery to the lung in the clinical setting, dry powder formulations are preferred to
liquid formulations in terms of storage, transportation and administration [15].

Recently, spray drying has been demonstrated as a promising single-step process in
producing inhalable phage dry powder formulations using low-cost excipients, such as
trehalose, lactose, mannitol and leucine, showing a sufficiently long storage stability (≤1 log
titer loss in 12 months) under refrigerated or room temperatures in low-humidity conditions
(<20% RH) [16–21]. The efficacy of intratracheally administered spray-dried phage powder
against lung infection caused by Pseudomonas aeruginosa has been demonstrated in a murine
model [22]. To the best of our knowledge, there are no reports on formulating Acinetobacter
phage into inhalable powders. As previous reports highlighted that the detrimental effects
to phage upon the production process and storage conditions are phage dependent and
excipient context specific [18,20,23], current knowledge obtained for Pseudomonas and other
phages might not be directly applicable for A. baumannii phage. In the present study, our
primary objective is to investigate the feasibility of extending the collected knowledge to
produce inhalable Acinetobacter phage powders for inhaled therapy. A two-factor three-
level factorial design [24] was used to evaluate the impacts of the two identified formulation
factors, formulation compositions and total solid content, on the phage stability and in vitro
aerosol performance of produced powders, using an A. baumannii phage vB_AbaM-IME-
AB406 (AB406 in short) as a model phage.

As phages were usually stabilized with amorphous sugar in the powder form, their
handling and storage in low-humidity conditions (RH < 20%) are required to minimize
the occurrence of recrystallization. However, excessive environmental moisture could
be relevant in patients’ homes or healthcare settings, especially in areas with subtropical
climates such as Hong Kong and southern USA, where the average RH ≥ 65% all year
round [25–27]. To estimate the impacts of high humidity on the administration of phage
powders, we measured the in vitro aerosolization performance of phage powders after
incubating at RH 65% for a certain period, mimicking a scenario where patients fail to
administer the medication immediately after unpacking.

2. Materials and Methods
2.1. Materials

A lytic Myoviridae phage, AB406, active against A. baumannii was isolated and charac-
terized by the Beijing Institute of Microbiology and Epidemiology. High titer phage lysate
was obtained and titered using well-established protocols [28]. The phage lysate was then
purified by anion-exchange chromatography using a CIMmultus™ QA 1 mL Monolithic
Column (BIA Separations, Slovenia) [29]. The phage elution was dialyzed with phosphate-
buffered saline (PBS, Sigma–Aldrich, St. Louis, MO, USA) and the obtained phage titer
was 1.1 × 1010 pfu/mL. The host A. baumannii strain, MDR-AB2, was isolated from the
sputum sample of a patient with pneumonia at PLA Hospital 307. The powder matrix
systems were composed of different amounts of D-(+)-Trehalose dihydrate, mannitol and
L-leucine (Sigma–Aldrich, USA).
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2.2. Design of Experiment–Factorial Design

A two-factor three-level (32) full factorial design (Design Expert software version
12.0.1.0) [30] was used to investigate the influence of two factors on the stabilization of
AB406 phage in the dry powder form and its dispersibility. The studied factors were
as follows: A—trehalose to mannitol ratio (80:0, 60:20 and 40:40); B—total solid content
(20, 40 and 60 mg/mL), as shown in Table 1. The range of trehalose to mannitol ratio
was selected based on our previous reports on Pseudomonas phage [17] that a higher
mannitol content would cause significant titer loss. The range of total solid content was
selected based on our preliminary data on producing powder with a size distribution
fall within the inhalable range (≤5 µm) [31] using the same excipient systems without
phage. Formulations were prepared randomly according to the Design Expert software,
but reordered in order here to improve readability. Three separate batches of powders were
produced for each formulation. The responses studied were as follows: phage viability
after a 6-month storage period at room temperature and RH < 20%; fine particle fraction
of phage (FPF) for dispersion performed under normal conditions (<35%) and dispersing
after incubating at 65% RH for 1 h.

Table 1. Formulation compositions and powder characteristics.

Formulation Trehalose % Mannitol % Leucine % Total Solid
Content (mg/mL) VMD ± SD (µm) Span ± SD

F1 (T80M0-20) 80 0 20 20 4.59 ± 0.06 1.07 ± 0.02
F2 (T60M20-20) 60 20 20 20 3.99 ± 0.02 0.68 ± 0.04
F3 (T40M40-20) 40 40 20 20 3.69 ± 0.01 1.61 ± 0.01
F4 (T80M0-40) 80 0 20 40 4.55 ± 0.05 1.04 ± 0.01
F5(T60M20-40) 60 20 20 40 4.64 ± 0.01 1.01 ± 0.01
F6 (T40M40-40) 40 40 20 40 4.36 ± 0.01 1.02 ± 0.01
F7 (T80M0-60) 80 0 20 60 4.81 ± 0.03 1.04 ± 0.01

F8 (T60M20-60) 60 20 20 60 4.55 ± 0.01 1.01 ± 0.01
F9 (T40M40-60) 40 40 20 60 4.41 ± 0.01 1.04 ± 0.01

VMD: The volume median diameters; SD: standard deviation.

2.3. Phage Powder Preparation

An aliquot of 5 mL of the phage stock was added to 45 mL excipient solution as
prepared according to Table 1. The mixtures were spray dried using a Pilotech YC-500
spray dryer (Shanghai Pilotech Instruments and Equipment, Shanghai China) coupled
with a high-performance cyclonic separator from Büchi (Buchi Labortechnik AG, Flawil,
Switzerland) using an open-loop setting at a drying gas flow rate of 36 m3/h, a liquid feed
rate of 1.8 mL/min and an inlet temperature of 60 ◦C. The outlet temperature was ~45 ◦C.
The produced powders were collected into scintillation vials and stored in a box with
silica gel placed inside a humidity-controlled chamber (RH < 25%) at room temperature
until use.

2.4. Particle Morphology

The morphologies of the spray-dried powders were examined using a field emission
scanning electron microscope (SEM) (SU-8010, Hitachi, Tokyo, Japan) at 5 kV beam acceler-
ating voltage. The samples were scattered on a carbon tape and sputter coated with 10 nm
of gold using a Sputter Coater (Quorum Q150T ES) before imaging.

2.5. Particle Size Distribution

Particle size distributions of the powder formulations were measured by laser diffrac-
tion using a Laser Diffraction Particle Size Analyzer LS I3 320 (Beckman Coulter, Miami,
FL, USA). Approximately 5 mg of powders were suspended in 7.5 mL of chloroform. The
suspended particles were de-aggregated by sonication for five minutes. Immediately after
de-aggregation, the suspension was added to the sample compartment dropwise until the

170



Pharmaceutics 2021, 13, 1162

optimal obscuration (8–12%) was reached. The stirrer was turned on to minimize aggrega-
tion. All measurements were done in triplicate. The size distribution was expressed by the
volume median diameter (VMD), and span that defined as the difference in the particle
diameters at D10 and D90 divided by the VMD (D10 and D90 are defined as the particle
diameters at 10% and 90% cumulative volume, respectively).

2.6. Particle Crystallinity

The crystallinity of the produced phage powders and corresponding single excipient
powders were examined using an X-ray diffractometer (Smartlab; Rigaku, Japan) under
ambient conditions. Samples were spread on glass slides and subjected to Cu Kα radiation
at 80 mA and 40 kV. The scattered intensity was collected by a detector for a 2θ range of
5–40◦ at an angular increment rate of 5◦ 2θ/min. The data were analyzed using JADE5
software (V.5.0; MaterialsData, Livermore, CA, USA).

2.7. Dynamic Vapor Sorption (DVS)

The moisture sorption profiles of the spray-dried phage powders were analyzed
using a DVS instrument (DVS-Intrinsic, Surface Measurement Systems, London, UK).
Approximately 5 mg phage powder was placed at RH 0% for vapor desorption for 4 h and
the weight was used as the reference mass. The sample was then subjected to a moisture
ramping cycle of 0–90% RH at a step increase of 10%. Equilibrium moisture content at each
RH was defined at less than dm/dt of 0.02% per minute. The moisture sorption kinetics
of the phage powders at 65% RH was also studied by measuring the mass change over a
period of 24 h.

2.8. Thermal Analysis

The thermal properties of the phage powders were analyzed by modulated differential
scanning calorimetry (mDSC) using DSC 25 equipped with a refrigerated cooling system
(TA Instruments, New Castle, DE, USA) and thermogravimetric analysis (TGA) (TGA6,
PerkinElmer, Waltham, MA, USA). mDSC measurement was performed on freshly pre-
pared samples using DSC 25 equipped with a refrigerated cooling system. Approximately
4 mg of sample was weighed and sealed in a Tzero aluminum pan with a pinhole in the lid.
Sample was equilibrated at −10 ◦C for 2 min, and then heated to 200 ◦C at a heating rate
of 5 ◦C/min with modulation of ±1 ◦C every 60 s. Nitrogen was used as the purge gas at
a flow rate of 50 mL/min. For TGA measurement each sample (5 ± 1 mg) was weighed
in an alumina crucible and heated from 25 to 400 ◦C at a rate of 10 ◦C/min with dynamic
nitrogen flow. The experiments were independently conducted twice.

2.9. In Vitro Aerosol Performance

The in vitro aerosol performance of the phage powders were evaluated according
to the British Pharmacopoeia (2016) using a multistage liquid impinger (MSLI). For each
dispersion, ~10 mg of phage powders were put into a size 3 hydroxypropyl methylcellulose
capsule (Capsugel, NSW, Australia) in a humidity controlled chamber (<20% RH). The
dispersion was performed using an OsmohalerTM operated at 95 L/min for 2.5 s at room
temperature and <35% RH. PBS was used as a rinsing solvent to determine the viable
phage deposition profile by plaque assay. The experiment was performed in triplicate.
The lower cutoff diameters of the MSLI stages 1–4 at 95 L/min are 10.33, 5.40, 2.46 and
1.35 µm, calculated with the adjustment equations given in Appendix XII C of the British
Pharmacopoeia. The recovered rate was determined by the phage titer recovered from all
parts (capsule, device, induction port and all the stages of the MSLI) compared with the
loaded phage in the powders. The fine particle dose (FPD) of phage/sugar was defined as
the phage/sugar recovered from particles with an aerodynamic diameter ≤5.0 µm. The
fine particle fraction (FPF) was defined as the FPD with respect to the total recovered dose.
To mimic the administration process of phage powder in high-humidity conditions, the
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capsulated phage powders were incubated in a high-humidity condition (65% RH) for 1 h,
followed by the dispersion test described above.

2.10. Quantification of Trehalose by HPLC

The deposition of trehalose at the capsule, inhaler, adaptor and each part of the
MSLI was determined using a UPLC system (Model Code CHA D16CHA036G; Waters,
Milford, MA, USA) using RI detection. The configuration consisted of an Acquity series
of quaternary solvent manager, column manager, RI detector, sample manager-FTN, and
Empower® software. An amino acid column (Phenomenex Luna NH2, 3 µm, 100 Å,
150 × 2 mm) was used. The mobile phase was a mixture of water (30%) and acetonitrile
(70%). A volume of 300 µL dispersion sample was mixed with 700 µL acetonitrile before
HPLC analysis. The calibration curve for trehalose was linear in the concentration range of
0.05–0.2 mg/mL (R2 = 0.999, n = 3).

2.11. Phage Stability in Powder

The concentrations of viable phage in the powder samples immediately after prepara-
tion and after storage were determined [32]. Phage powders were first dissolved in PBS to
a final concentration of the corresponding total solid content before spray drying. Serial
dilutions of the solution samples were performed by adding 20 µL sample to 180 µL PBS. A
volume of 150 µL overnight cultured host bacteria was mixed with 4 mL molten soft agar
(0.7% agar, 50 ◦C). The mixture was overlayed onto a solidified NB agar plate made of 1.5%
agar (AGAR NO.1, OXOID, Hampshire, UK) and Nutrient Broth (NB, OXOID, Hampshire,
UK). Then, 10 µL of diluted phage samples were dropped onto the agar lawn and left to air
dry for 30 min, and the plates were incubated overnight at 37 ◦C. Samples that gave rise to
3–30 pfu were used to determine the phage titer. The phage stability test was performed at
20, 45 days, 2, 3 and 6 months after preparation.

2.12. Statistical Analysis

The analysis of each response of factorial design (stability, FPF and FPF decreased
after exposure to the high-humidity condition) was performed in Design Expert software
version 12.0.1.0 using Quadratic modeling. One-way analysis of variance (ANOVA) and
Fisher pairwise comparison using Minitab were employed to identify any statistically
significant differences in production and storage loss, and FPF of phage. A p value of <0.05
was considered statistically significant.

3. Results
3.1. Production Loss AB406 Phage

The viability of AB406 phage immediately after the powder preparation was deter-
mined to calculate the production loss (Figure 1). All phage powder formulations noted a
titer reduction ranged 0.3–0.5 log. The results were consistent with previous studies evalu-
ating other phages [16,33–35]. ANOVA analysis showed no significant differences between
formulations with different compositions and total solid contents. Both trehalose–leucine
and trehalose–mannitol–leucine systems could effectively protect AB406 phage from the
thermal and dehydration stresses in the spray-drying process.

3.2. Phage and Particle Morphology

Figure 2 shows the SEM images of the spray-dried phage powders. Particles were
generally spherical with a wrinkled surface. Significant particle merging was noted for
formulations containing no mannitol (F1, F4 and F7) or 20% mannitol (F2, F5, and F8). On
the other hand, the addition of a higher portion of mannitol (40%) to the formulations
(F3, F6 and F9) could reduce the degree of particle merging. Due to the high-humidity
environment in Hong Kong, exposing the produced powders to high humidity during
sample collection upon powder production or during sprinkling powders to the carbon
tape and golden coating procedure for SEM sample preparation for a short period of time
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was inevitable. Whether the particle merging was arising from the powder production
process or upon the sample preparation for SEM imaging was unclear. Nonetheless, these
results were consistent with our previous studies on Pseudomonas phage powder [16,17],
even though the amount of PBS in the produced Acinetobacter phage powders was 10
times higher. From the SEM images, there was no difference noted between formulations
prepared from different total solid contents.
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Figure 1. Production loss of AB406 phage in the spray-drying process. Data presented as mean ± 
standard deviation (n = 3). 
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Figure 2. Representative SEM images of F1–F9 (5 µm scale bar).

3.3. Particle Size

The VMD and span of the particles are presented in Table 1. From the result, most
particles falling within the inhalable size fraction of less than 5 µm, consistent with the SEM
images. With the same total solid content, the formulation with higher mannitol content has
a slightly smaller particle size (p < 0.05). This is possibly due to the different composition
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change the surface tension of the liquid feed [36,37], resulting in slightly different droplet
sizes and, hence, different particles sizes. With the same excipient composition, the particle
size generally increased with increasing total solid content. Although the difference is
statistically significant (p < 0.05), the variation was very minor due to the small increase in
the total solid content.

3.4. Powder Crystallinity

The XRD patterns of fresh phage powders (F1–F3) and spray-dried trehalose, mannitol
and leucine are depicted in Figure 3. No significant differences were noted for formulations
containing the same composition prepared from various total solid content (Figure S2).
From the XRD result, the peak at 2θ = 6◦ was the primary peak for leucine which is
consistent with previous study [38,39]. Except this peak, the peaks at 2θ of 18◦, 24◦, 29◦,
30◦ and 32◦ appeared in all formulations with similar intensity, indicating the presence of
crystalline leucine. Spray-dried trehalose showed a halo pattern which is a typical XRD
profile for amorphous materials, confirming that the spray-dried trehalose is amorphous.
The appearance of distinct peaks in the formulations of 40% mannitol are corresponding to
the α-form and β-form of mannitol crystals. This was consistent with Kaialy et al. that the
XRD profile of α–mannitol specific peaks at 2θ of 10◦, 14◦ and 17◦ and β–mannitol specific
peaks at 2θ of 11◦, 15◦, 23◦ and 30◦ [40].
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Figure 3. XRD profiles of the spray-dried formulations F1 to F3 and corresponding excipient.

3.5. Residual Moisture Content and Glass Transition Temperature

We next measured the residual moisture content and Tg of the produced powders us-
ing TGA and mDSC, respectively (Table 2). The residual moisture content was determined
from the TGA profiles (Figure S1) as the mass loss between 25 ◦C to 100 ◦C where solvent
evaporation occurs. The spray-dried powders had a moisture content of 2−4%, irrespective
of the formulation compositions and total solid contents. From the mDSC curves (Figure 4),
a glass transition temperature was noted for all nine phage powder formulations and the
same excipient compositions resulted in comparable Tg. The Tg of spray-dried phage
powders with 80% trehalose and 20% leucine was ~110 ◦C and it dropped rapidly to
~45 ◦C and ~15 ◦C as the trehalose content decreased to 60% and 40%.

3.6. Moisture Sorption

Figure 5A shows the moisture sorption profiles of the phage powders as the RH
increased from 0 to 90% at 25 ◦C. The total solid content did not show a strong influence
on the powder moisture sorption ability in low-humidity conditions (≤60% RH) for for-
mulations with the same compositions. Beyond 70% RH, formulations prepared from a
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lower total solid content tended to have a higher moisture sorption capacity. Formulations
containing 80% and 60% trehalose showed the occurrence of recrystallization between
40–60% RH, consistent with our previous study [17], but no recrystallization peak was
noted for formulation containing in 40% trehalose, 40% mannitol and 20% leucine. Kinetics
of water vapor sorption of F1–F9 under 65% RH at 25 ◦C were also investigated (Figure 5B).
The data revealed that trehalose recrystallization, indicated by the overshoot of change
in mass %, took place within 60 min of exposure. The maximum moisture uptake of the
spray-dried powders generally increased with decreasing total solid content for formula-
tions with the same composition. With the same total solid content, formulations with 20%
mannitol had the highest moisture capacity, agreeing with our previous findings that a
small portion of mannitol promotes the recrystallization of trehalose [16,17].

Table 2. Residual moisture content and glass transition temperature of F1–F9.

Formulation Residual Moisture Content (%) Tg (◦C)

F1 (T80M0-20) 2.93 110.76
F2 (T60M20-20) 1.91 44.82
F3 (T40M40-20) 2.55 15.97
F4 (T80M0-40) 2.57 112.22
F5(T60M20-40) 2.34 45.32
F6 (T40M40-40) 1.77 17.04
F7 (T80M0-60) 3.12 112.95

F8 (T60M20-60) 3.49 45.54
F9 (T40M40-60) 2.77 16.77
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3.7. In Vitro Aerosol Performance and the Effect of High Humidity

The recovery rate and FPF based on the recovered dose of the viable phage and
trehalose for F1–F9 after dispersing with an Osmohaler™ at 95 L/min for 2.5 s in the
normal (23 ◦C, <35% RH) and high-humidity conditions (23 ◦C, after incubating at 65%
RH for 1 h) are depicted in Figures 6 and 7, respectively. The deposition profiles of
recovered viable phage for all formulations were provided in Figures S3 and S4. As seen in
Figures 6A and 7A, the recovery rates of trehalose were in the range of 90–110%, validating
the appropriateness of the dispersion experiments. However, the recovery rates of phage
for all formulations were <50% for both dispersion conditions, similar to our previous
reports [16–18]. Under the normal dispersion condition (minimum exposure to humid
air), the aerosol performance of the spray-dried powders were found to be formulation
composition and total solid content dependent. Higher FPF was observed in formulations
prepared with higher mannitol and lower total solid contents. Among all formulations, F3
gave the higher FPF value of 37% among all formulations studied.

After exposing the phage powders to 65% RH for 1 h, the phage recovery for all
formulations dropped around 8% to 10% (p < 0.05), with no specific trends on the impacts
of formulation composition and total solid content noted. On the other hand, their im-
pacts on the FPF were found to be composition dependent. The extent of FPF reduction
in formulations containing trehalose and leucine only (F1, F4 and F7) was the smallest
(p < 0.05) among the three compositions studied (by ~5%), followed by formulations con-
taining 40% mannitol (F3, F6 and F9, by 15% with p < 0.01). A very sharp drop (>30%)
occurred for formulations containing in 20% mannitol (F2, F5 and F8, with p < 0.01). Over-
all, both the FPF of trehalose and phage reduced compared with powder dispersed in
normal conditions.
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3.8. Phage Storage Stability

Since dry powder inhaler products are usually transported, stored and administrated
at room temperature, sufficient storage stability of phage powder preparations at room
condition is essential. The titer reduction of phage powders after storing at room tem-
perature under desiccation was determined relative to the titer measured in the fresh
powder periodically (Figure 8). After a 6-month storage period, a titer loss ranging from
0.5 to 1.8 log was noted. The stabilization of phage in the powder form depended on
the formulation compositions as well as the total solid contents. Phages were gradually
deactivated with time for formulations containing trehalose (80%) and leucine (20%) only
(F1, F4 and F7) regardless of the total solid contents. Their titer reduction upon storage was
being more profound compared with formulations containing mannitol (p < 0.01). Overall,
formulations prepared from the lowest total solid content (20 mg/mL F1–F3) failed to
stabilize the incorporated phage as continuous reduction in the phage titer was noted
throughout the storage period. These findings were different from our previous obser-
vation with Pseudomonas phages (PEV2 and PEV40), for which only 1 log titer reduction
in 12 month storage [18]. For higher total solid contents, formulations containing 40%
trehalose, 40% mannitol and 20% leucine (F6 and F9) provided better storage stability of
phage that no-further phage loss after 1 month and <1 log storage loss was noted. Similar
findings were reported by Chang et al. that higher total solid content of excipients would
minimize the phage titer reduction after spray drying [21].
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Figure 8. Titer reduction of phage in spray-dried powders after storage at room temperature and RH < 20% relative to titer 
measured in the fresh powder. (A) F1–F3 at a total solid content of 20 mg/mL; (B) F4–F6 at a total solid content of 40 
mg/mL; and (C) F7–F9 at a total solid content of 60 mg/mL. 
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tions. The three-dimensional response surface graphs and corresponding two-dimen-
sional contour plots generated by Design-Expert software are shown in Figure 9. The re-
sults indicated that the storage stability and FPF value of phage had linear relationships 
with the trehalose to mannitol ratio and total solid content. However, a nonlinear rela-
tionship between the two independent factors was presented in the FPF reduction of 
phage. 
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solid-state formulations with trehalose, sucrose and lactose being the most superior sug-
ars in protecting phage from stresses generated during solidification. Water replacement 
(replacing water to network with phage via hydrogen bonding to avoid phage protein 
aggregation) and/or vitrification (immobilizing the phage protein in a glassy matrix) are 
the two leading hypotheses accounting for their stabilization of proteins/phage in solid-
state. Trehalose was chosen for our study because it has a slightly higher glass transition 
temperature (115 °C) compared with lactose (101 °C) and sucrose (60 °C) [41]. Addition-
ally, more consistent stabilization effects on phage by trehalose were reported in the liter-
ature [16–18]. In contrast, discrepancies on the ability of lactose in stabilizing phage in the 
powder form were reported in the literature. While Chang et al. reported a lactose-leucine 

Figure 8. Titer reduction of phage in spray-dried powders after storage at room temperature and RH < 20% relative to
titer measured in the fresh powder. (A) F1–F3 at a total solid content of 20 mg/mL; (B) F4–F6 at a total solid content of
40 mg/mL; and (C) F7–F9 at a total solid content of 60 mg/mL.

3.9. Response Surface Methodology Analysis

Response surface methodology (RSM) with a quadratic design model was used to eval-
uate the relationship between the independent variables (trehalose to mannitol ratio and
total solid content) and three selected responses, storage stability, FPF at normal dispersion
conditions and FPF reduction after powders incubating in high-humidity conditions. The
three-dimensional response surface graphs and corresponding two-dimensional contour
plots generated by Design-Expert software are shown in Figure 9. The results indicated
that the storage stability and FPF value of phage had linear relationships with the trehalose
to mannitol ratio and total solid content. However, a nonlinear relationship between the
two independent factors was presented in the FPF reduction of phage.
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solid content on the storage stability, FPF of phage and reduction of FPF of phage after incubating in
high-humidity conditions.

4. Discussion

Disaccharide sugars were reported to play an important role in stabilizing phage in
solid-state formulations with trehalose, sucrose and lactose being the most superior sugars
in protecting phage from stresses generated during solidification. Water replacement
(replacing water to network with phage via hydrogen bonding to avoid phage protein
aggregation) and/or vitrification (immobilizing the phage protein in a glassy matrix)
are the two leading hypotheses accounting for their stabilization of proteins/phage in
solid-state. Trehalose was chosen for our study because it has a slightly higher glass
transition temperature (115 ◦C) compared with lactose (101 ◦C) and sucrose (60 ◦C) [41].
Additionally, more consistent stabilization effects on phage by trehalose were reported in
the literature [16–18]. In contrast, discrepancies on the ability of lactose in stabilizing phage
in the powder form were reported in the literature. While Chang et al. reported a lactose-
leucine binary system could stabilize phage in the powder form [21], Vandenheuvel et al.
demonstrated that lactose-only formulations were not able to maintain phage viability [20].

178



Pharmaceutics 2021, 13, 1162

In addition, lactose may cause chemical degradation of proteins via the Maillard reaction
which may not be favorable for the long-term storage of phage [42]. Previous reports
showing mannitol alone was detrimental to phage [17,43], but the addition of a certain
amount of mannitol to the trehalose–leucine system could significantly improve the power
properties with less particle merging upon handling and showed no negative impacts on
the storage stability of the phage [17]. However, it appeared to have an optimal trehalose-
to-mannitol ratio to preserve phage in the powder form. Here, we studied the impacts of
this ratio on the stability and aerosol performance of AB406 phage powders. The main
reason for adding leucine in dry powder formulations is to improve the dispersibility of the
powders, but recent studies showed that a small amount of leucine is needed to improve
phage stability in spray-dried powders [21]. The surface-active L-leucine would tend to
enrich at the particle surface to minimize the migration of phage to the air–liquid interface
during the spray-drying process [39], protecting phage from surface inactivation [44].
In addition, the L-leucine would delay moisture sorption immediately after the powder
formed, maintaining the powders in the amorphous form, which is essential for phage
stabilization, upon sample collection [21]. Based on previous findings, 20% leucine would
be sufficient in ensuring the stability of phage with acceptable dispersibility [21], though it
was insufficient to form a continuous shell of crystal leucine on the surface [45]. Similar
findings were reported for systems with higher leucine content (up to 40%) [18]. Therefore,
we fixed the leucine content to 20% of the total solid content in the present study.

Figure 1 shows minimum titer reduction upon the powder production for all formula-
tions (≤0.5 log). The data also agree with our previous findings on Pseudomonas phage that
a portion up to 40% mannitol in the trehalose-mannitol-leucine systems did not result in
more titer loss in spray drying [16,17]. On the other hand, the storage loss of AB406 phage
obtained in the present study (Figure 8) were higher than the Pseudomonas phage noted in
our previous study [18]. It is noteworthy that the mixing ratio of phage suspended in PBS
to the excipient solution was 1:9 in the present study, 10 times higher than those used in
our previous studies [16–18]. The employed higher phage suspension mixing ratio was
originally aimed to increase the phage lung dose for effective treatment. However, the
results suggested that a higher amount of residual salt might impair the storage stability of
phage. Further investigation is needed to fully understand the effect of salts on the storage
stability of phage in powder form.

To stabilize phage during storage in the dried state, it is necessary to remove enough
water to immobilize phage inside a non-crystalline glassy sugar matrix. Thus, the glass
transition temperature (Tg) is a key parameter for phage stability in the powder form.
Recently, Chang et al. investigated the stabilization mechanisms of phages in spray-dried
powders [46]. Their results showed that keeping the storage temperatures (Ts) at least
~46 ◦C below Tg (i.e., Tg–Ts ≥ 46 ◦C) will be essential for phage stabilization. Two factors,
the residual moisture content and the incorporation of mannitol, were reported to affect the
Tg of trehalose [47] and were investigated. According to Table 2, the residual moisture in all
powder formulations were within the optimal range, 3–6%, for phage preservation identi-
fied in previous studies [48,49]. Due to the plasticizing effect of water, the Tg of amorphous
solid samples were shown to decrease linearly with increasing moisture content [47,50].
However, our results showed that formulations with the same excipient compositions had
comparable Tg in spite of their different residual moisture content. The disparity from
previous reports might be attributed to the insensitivity of the TGA analysis in differen-
tiating the removal of free water and bound water from the powders in determining the
residual moisture. Nonetheless, the TGA analysis confirming there was a low level of water
content left in the powders after the spray-drying process. Surprisingly, formulations with
40% trehalose, 40% mannitol and 20% leucine (F3, F6 and F9) had a Tg (~15 ◦C) lower
than the storage temperature (22 ◦C), but they exhibited superior stabilization effect of
the embedded Acinetobacter phage after 6 months of storage in low-humidity conditions
(<20% RH) (Figure 8). Formulations with the highest trehalose content (F1, F4 and F7) had
the storage temperature well below the Tg (Tg–Ts ~90 ◦C) showing a gradual decrease
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in phage titer during the storage period. These were different from the greater phage
stability in systems with higher Tg as reported in Chang et al. [46]. Cleland et al. reported
that high Tg disaccharides might be inefficient in preventing the incorporated proteins
from unfolding during dehydration, but adding mannitol to disaccharides (trehalose and
sucrose) inhibited aggregation and deamidation during storage to a greater extent than the
disaccharide alone systems [51]. This may explain the better storage stability of AB406 in
systems with mannitol, despite they have a lower Tg.

Both the size measurements (Table 1) and SEM images (Figure 2) of the produced
phage powders showed that most of the particles of all nine formulations were well within
the inhalable range. The in vitro aerosol performance of the produced powders, on the basis
of the FPF values of sugars (≥50%), also confirmed that they were suitable for pulmonary
delivery. Comparing with the sugar excipients, the recovery rate of viable phage was
apparently lower even under the normal dispersion condition (Figure 6A). It was likely
accounted by the deactivation of phage upon impaction to the inhaler walls during the
dispersing process. Apart from the lower recovery of phage, the FPF of phage was also
consistently lower than that of the trehalose, but the overall trends in response to the
formulation compositions and total solid contents were similar (Figure 6B), suggesting
the even distribution of phage within the particles. According to Figure 6B, the FPF
value increased with increasing mannitol content. This was likely because the addition
of mannitol help minimizing the degree of particle merging upon powder preparation,
handling and, hence, dispersion. It might also be accounted by the slightly smaller particle
size of the phage powders with higher mannitol content. Similarly, the smaller particle size
of the phage powders prepared from the lower total amount of excipients might attributed
to their slightly higher FPF. It is worth noting that the FPD of the nine formulations were
in the order of 106 to 107 pfu which were comparable to previous studies on Pseudomonas
phages [18,21]. The effectiveness of phage powders yielding similar lung dose in treating
bacterial lung infection was confirmed in a murine model [22]. Therefore, the promising
findings in the Acinetobacter phage powders warrant further evaluation on its therapeutic
effects in vivo.

The XRD traces confirmed the produced powders were partially amorphous with
the crystallinity increase with increasing mannitol content. Amorphous powders are
thermodynamically unstable and have a high risk of recrystallization when exposed to
moisture, inactivating the embedded phage [21]. To ensure the developed phage powder
products are stable in different geographic locations all over the world, powder stability
in high-humidity conditions should be considered during formulation development. It
is feasible for the final phage product to be manufactured, transported and stored in
relatively low-humidity conditions. However, an excellent formulation should also be
user friendly for patients and tolerate high-humidity conditions for a reasonable time. To
identify an optimal formulation suitable for global distribution, we also investigated the
in vitro aerosol performance of phage powders after incubating at 65% RH for 1 h. As
shown in DVS profiles (Figure 5), recrystallization takes place at 65% RH within 1 h, the
recovery rate of phage and the number of particles able to reach deeper into the lungs
(FPF) was expected to decrease after incubating in high-humidity conditions [39], and this
was confirmed in Figure 7. As both the FPF of trehalose and phage dropped significantly,
the recrystallization of the amorphous content might also lead to the formation of solid
bridges between particles [21], making the powders more difficult to dispersed and hence a
lower FPF. Overall, the total solid content showed minimum impacts on the FPF of phage,
despite the moisture sorption capacity varied. However, the dispersion profiles of phage
powders after incubating in high-humidity conditions strongly depend on the formulation
compositions. The lung dose of phage powders (both sugars and phage) of formulations
with 20% mannitol significantly reduced, while moderate reduction was noted in those
contain no or 40% mannitol. These data are largely correlated with the moisture sorption
kinetics of the phage powders that formulations with the presence of a small amount of
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mannitol promote uptake of moisture (Figure 5) and the extent of particle merging noted
in the SEM images (Figure 2).

RSM has been a common approach to optimize pharmaceutical formulation [52].
However, the linear relationships noted in the storage loss and FPF in normal dispersion
conditions with the studied formulation parameters suggested a higher mannitol content
(≥40%) might be beneficial for AB406 phage powder preparation. According to our previ-
ous study on Pseudomonas phage [17], a mannitol content of 60% would cause significant
titer loss compared with formulation with 40% mannitol. Therefore, we postulated the
optimal mannitol fraction would lie between 40% to 60%. While further experiments are
required to confirm this, F6 had 0.70 log pfu/mL titer loss after a 6-month storage period, a
34% FPF and 18% FPF reduction after incubation at 65% RH for 1 h, and is a promising
formulation for further in vivo evaluation.

5. Conclusions

In summary, the influences of formulation composition and total solid content on
the physicochemical properties, stability and dispersibility of spray-dried AB406 phage
powders were studied. A better powder morphology was observed in the formulation with
the higher mannitol percentage (40% mannitol irrespective of the total solid content ranged
20–60 mg/mL). Formulations containing the highest amount of mannitol provided the best
storage stability of phage; there was no further phage loss after 1 month, with the higher
total solid content resulting in lower storage loss (<1 log). The higher mannitol content
was also showed to enhance powder dispersibility. The exposure of phage powders to a
high-humidity environment for a short time was found to reduce the phage recovery rate
and the FPF due to the recrystallization of amorphous content inactivating the embedded
phage. Our results confirmed previous knowledge attained for phage powder preparation
could be extended for the preparation of Acinetobacter phage with further investigation
on the impact of PBS in the final phage powder needed. This is the first report evaluating
the impacts of environmental humidity on the dispersion of phage powders, and our
findings suggest that this is a factor that may need to be taken into consideration during
formulation optimization.
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formulation composition of 60% trehalose, 20% mannitol and 20% leucine; and (C) F3, F6 and F9 at a
formulation composition of 40% trehalose, 40% mannitol and 20% leucine, Figure S2: XRD profiles of
the spray-dried formulations, Figure S3: The distribution profiles of viable AB406 phage, Figure S4:
The distribution profiles of viable AB406 phage under 65% RH.
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Abstract: Polymyxins are considered as last–resort antibiotics to treat infections caused by Acinetobac-
ter baumannii. However, there are increasing reports of resistance in A. baumannii to polymyxins. In
this study, inhalable combinational dry powders consisting of ciprofloxacin (CIP) and polymyxin B
(PMB) were prepared by spray–drying. The obtained powders were characterized with respect to the
particle properties, solid state, in vitro dissolution and in vitro aerosol performance. The antibacterial
effect of the combination dry powders against multidrug–resistant A. baumannii was assessed in a
time–kill study. Mutants from the time–kill study were further investigated by population analy-
sis profiling, minimum inhibitory concentration testing, and genomic comparisons. Inhalable dry
powders consisting of CIP, PMB and their combination showed a fine particle fraction above 30%,
an index of robust aerosol performance of inhaled dry powder formulations in the literature. The
combination of CIP and PMB exhibited a synergistic antibacterial effect against A. baumannii and
suppressed the development of CIP and PMB resistance. Genome analyses revealed only a few
genetic differences of 3–6 SNPs between mutants and the progenitor isolate. This study suggests that
inhalable spray–dried powders composed of the combination of CIP and PMB is promising for the
treatment of respiratory infections caused by A. baumannii, and this combination can enhance the
killing efficiency and suppress the development of drug resistance.

Keywords: drug combination; inhalable dry powders; resistance development; synergistic effect

1. Introduction

Respiratory infections are a leading health threat causing millions of deaths worldwide
annually [1]. Moreover, the number of respiratory infections caused by multidrug–resistant
(MDR) bacteria is growing rapidly, especially those infections caused by Pseudomonas aerug-
inosa [2], Klebsiella pneumonia [3] and Acinetobacter baumannii [4], and are they associated
with high morbidity and mortality [5].

Among those bacterial species, A. baumannii should be highlighted as it is extremely
difficult to treat and can readily acquire resistance to multiple antibiotics during treat-
ment [6]. In addition, this pathogen usually survives in hospital environment and can cause
nosocomial infections, especially in patients in intensive care units (ICUs). Polymyxins such
as polymyxin B and polymyxin E (also known as colistin) are considered as the last–resort
treatment of A. baumannii infections, since other antibiotics are less effective [7]. However,
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there are increasing reports of unsuccessful polymyxin monotherapy of A. baumannii respi-
ratory infections [8], and hence polymyxin resistance is becoming an inevitable therapeutic
issue [9–11].

Combination therapy has been shown to contribute to better clinical outcomes than
monotherapy, improving the survival of patients suffering from MDR pathogens infec-
tions [12–14], especially when a combination exhibits synergistic effect. Drug pairs with
synergistic effects can afford an amplified antibacterial effect compared to single used
antibiotics, enhancing bacteria kill rate and narrowing the time window of the resistant
development [13]. A polymyxin–based combination treatment has been considered as a
promising treatment option against MDR A. baumannii [15–17]. In a clinical study, a syner-
gistic effect was observed when polymyxin B was combined with levofloxacin, tobramycin
and meropenem to treat MDR A. baumannii infections [18]. However, the antibacterial effect
will also eliminate susceptible bacteria, and antibiotic residues can select for mutants with
a reduced susceptibility to the same antibiotics [19,20]. Furthermore, the wide use of drug
combinations can also result in cross–resistance or collateral sensitivity [20]. Nevertheless,
it is promising that recent studies have shown that cross–resistance can be used to rationally
design dosing regimens to avoid resistance development instead of promoting it [21,22].
Therefore, it is important to assess not only the killing efficiency but also the drug resistance
development when adopting antibiotic combination therapy [23,24].

The combination of polymyxins and fluoroquinolones has been reported to be effective
against MDR P. aeruginosa and MDR A. baumannii [25,26], but the re–sensitization of the
strain by this antibiotic combination has not been reported. In this study, a combination of
ciprofloxacin (CIP) and polymyxin B sulfate (PMB) was formulated into inhalable dry pow-
ders and tested against A. baumannii strain K31. The dry powders were characterized and
evaluated with respect to the particle properties, solid state, in vitro aerosol performance,
in vitro dissolution and in vitro antibacterial effect. In addition, the antibacterial activity
and resistance evolution of the PMB and CIP combination were investigated.

2. Materials and Methods
2.1. Chemicals

United States Pharmacopeia (USP) standard CIP and PMB were purchased from
Nanjing Sunlida Biological Technology Co., Ltd. (Nanjing, China). Sodium sulfate and
acetonitrile were purchased from Sigma–Aldrich (Copenhagen, Denmark); dialysis bags
(Biotech RC Dialysis Tubing) with 20 kD typical molecular weight cut–offs were obtained
from Spectrum Laboratories (Compton, CA, USA). E–TEST strips (CIP and PMB) were
purchased from bioMérieux SA (Marcy–l’Étoile, France).

2.2. Strains

A. baumannii K31 is a human clinical strain that was isolated in August 2017 from a
wound infection (part of the biorepository at Department of Veterinary and Animal Sciences,
University of Copenhagen). Minimum inhibitory concentrations (MICs) to aztreonam, CIP,
PMB and tobramycin are presented in Table 1.

Table 1. Minimum inhibitory concentrations (MICs) of different antibiotic against A. baumannii K31.

Antibiotics MICs (µg/mL)
MIC Break Points (µg/mL)

S≤ R>

Aztreonam 64 N N
Ciprofloxacin 32 0.25 0.5
Polymyxin B * 1 – –

Tobramycin 256 4 4
S: susceptible; R: resistant; according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) [27].
N: No breakpoints, and susceptibility testing is not recommended as the bacterial species is a poor target for therapy
with this antibiotic (isolates may be reported as R without prior testing). * No breakpoints listed for polymyxin B, but
colistin breakpoints are S ≤ 2 and R > 2 (PMB and colistin both belong to polymyxins group).
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2.3. Wet Milling

As a hydrophobic compound, ciprofloxacin was prepared by media milling methods
to form a homogeneous nanocrystal suspension to be used as feeding solutions [28]. Briefly,
1.0 g of raw ciprofloxacin was dispersed in 20 mL Poloxamer 188 (F68) aqueous solution
(0.5%, w/v). Glass beads with two different sizes (1 mm and 2 mm diameter) were mixed
as media in the milling process. This mixture was then homogenized for 24 h at room
temperature with ~40 mL of milling media by a magnetic stirrer (900 rpm) to prepare
nanocrystal suspensions. The micronized particles were collected by centrifugation, washed
twice with purified water and dispersed again as feeding solution.

2.4. The Spray–Drying Process

CIP and PMB dry powders were prepared using a Büchi 290 spray drier (BÜCHI
Labortechnik; Falwil, Switzerland). The susceptibility profiles (MICs) of antibiotics were
important as a preliminary guidance for formulation preparation. In this study, a ratio of
32:1 (CIP/PMB) was determined to be used in the combination dry powder. This ratio was
selected based on the MIC value of CIP and PMB. Feeding solutions for each formulation
and corresponding composition are listed in Table 2. PMB was dissolved in water or CIP
suspension to be prepared as the feeding solutions. The spray–drying conditions were as
follows: the inlet and outlet temperature were 100 ◦C and 46–52 ◦C respectively; the drying
airflow rate was 35 m3/h; the atomization air flow rate was 700 L/h; the feeding rate of
the solution/suspension was 3 mL/min. The spray–dried powders were collected in glass
vials and stored in a desiccator at room temperature until further characterization.

Table 2. Feeding solutions for spray–drying.

Dry Powders Abbreviation

Solid Contents of Feeding Solution

PMB Solution
(mg/mL)

CIP Suspension
(mg/mL)

PMB spray–dried powder PMB–SD 9.6 –
CIP spray–dried powder CIP–SD – 9.8

PMB–CIP co–spray–dried powder PMB–CIP–SD 0.31 9.8
The size distribution of nanoparticles in CIP suspension was measured by dynamic light scattering, see detailed
description in Supplementary Materials.

2.5. Morphology

Samples were fixed on a sticky carbon tape and sputtered with gold by a sputter–coater
(Leica EM ACE200, Leica Microsystems GmbH, Wetzlar, Germany). Images were captured
at an acceleration voltage of 2.00 kV by scanning electron microscopy (SEM) (Quanta 3D
FEG, Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Particle Size

The mean particle sizes of the dry powders were determined by laser diffraction
(Malvern Mastersizer 2000, Malvern Instruments, Malvern, Cambridge, UK) equipped with
a dry powder feeder unit (Scirrocco 2000 powder feeder, Malvern Instruments Malvern,
Cambridge, UK). Dry powder samples were dispersed by air at a pressure of 3 bars. The
refractive index was set to 1.520 for the measurement of the samples. The samples were
measured in triplicate. The size distributions of the samples are presented via the span,
calculated using the following equation:

Span =
Dv90 − Dv10

Dv50
(1)

The Dv10, Dv50, and Dv90 were also reported, which refer to the volumetric diameter
at 10%, 50% and 90% cumulative number, respectively.
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2.7. X-ray Powder Diffraction (XRPD)

The XRPD patterns of the powders were collect by an X-ray diffractometer (X’Pert
PRO MPD, PANalytical, Almelo, The Netherlands) with a slit detector Ni–filtered CuKα1
source generated at 40 mA and 45 kV. Data were collected from 5◦ to 38◦ 2θ, the step width
was 0.04◦ and the scan speed was 5◦·min−1. The diffraction patterns of unprocessed raw
materials (i.e., CIP, and PMB), physical mixtures of raw materials and spray–dried samples
(i.e., CIP–SD, PMB–SD, PMB–CIP–SD) were collected.

2.8. Dynamic Vapor Sorption (DVS)

The water sorption–desorption properties of the samples were described by a VTI–SA+

(TA Instruments, New Castle, DE, USA). Sample preparation began with a drying step then
continued with a sorption–desorption cycle. Briefly, approximately 10 mg of powder for
each sample was added in a quartz holder, and then exposed in the instrument under 0%
relative humidity (RH) at 60 ◦C for 180 min or until a constant weight (less than 0.001 wt. %
change over 5 min) was reached. After drying, samples were cooled down and maintained
at 25 ◦C. The samples were exposed to the following sorption–desorption cycle: 0 to 90%
in 10% step size and the same for desorption. Each step’s running time was less than
120 min, or until it reached an equilibrated weight (less than 0.001 wt. % change) over
5 min. Data were recorded every 2 min or when a ≥0.0100 wt. % change occurred. Profiles
of weight records during the sorption–desorption cycle were collected to present the water
sorption–desorption properties of the samples.

2.9. In Vitro Dissolution

Specific amounts (200 mg approximately) of CIP–SD, PMB–SD, PMB–CIP–SD and
raw materials (CIP and PMB) were added to dialysis bags and sealed individually. Each
dialysis bag was then transferred into 200 mL of dissolution medium (50 mM PBS, pH 7.4).
All samples were incubated in a shaking water bath (100 rpm) at 37 ◦C. At predetermined
time points (20 min, 40 min, 1 h, 1.5 h, 2 h, 4 h, 8 h and 24 h), 10 mL of dissolution medium
was withdrawn and replaced with fresh medium. Samples were centrifuged first. The
concentrations of CIP and PMB were measured using an HPLC (1260 Infinity, Agilent Tech-
nologies, Santa Clara, CA, USA) with a reverse–phase column (Agilent C18 150 × 4.6 mm,
Agilent Technologies, USA). The mobile phases consisted of a 26% acetonitrile and 74%
30 mM solution of sodium sulfate (pH 2.5, adjusted with phosphoric acid), and the flow rate
was 1 mL/min. The samples were detected at 215 nm by a UV detector. Calibration curves
were prepared for CIP (1–40 µg/mL, limit of quantification was 50 ng/mL, r2 > 0.999) and
PMB (10–100 µg/mL, limit of quantification was 8 µg/mL, r2 > 0.999). The peak areas for
polymyxin B1 and B2 were summed for the quantification of PMB. The dissolution rates of
the samples were compared via their cumulative dissolution profiles. All samples in the
dissolution study were tested in triplicates.

2.10. In Vitro Aerosol Performance

The in vitro aerosol performances of the spray–dried powders were assessed using a
Next Generation Impactor (NGI, Copley Scientific, Nottingham, UK). Prior to the tests, the
collection plates of NGI were coated with a Tween 20 solution (0.5% (w/v)) to minimize
particle bouncing. A low–resistance–type RS01 Monodose dry powder inhaler (Plastiape,
Osnago, Italy) was used as the dry powder inhaler device for all tests, and a mouthpiece
adapter was used to connect the inhaler to the throat (stainless steel USP induction) of
the NGI. About 30 mg of dry powder was put into size 3 hydroxypropyl methylcellulose
(HPMC) capsules (Capsugel, Greenwood, SC, USA) for each formulation. One capsule
was loaded in the inhaler and emitted in each run at an air flow rate of 90 L/min for 2.6 s.
The corresponding pressure drop for the device was adjusted to ~3.9 KPa with the current
NGI setting. The powders deposited in the stages of the NGI, the USP throat, the capsule
and the inhaler were collected with 1.7% (v/v) acetic acid solution, and the concentrations
of CIP and PMB in the samples were determined by HPLC (described in the Section 2.9).
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Fine particle fractions (FPF) and emitted dose (ED) were calculated for the evaluation of
aerosol performance. The FPFs of the formulations were calculated as the percentage mass
of the drug with an aerodynamic diameter smaller than 5 µm of the drug collected from
the tests. ED values were defined as the mass percentage of drug recovered from all NGI
parts relative to the total drug recovered from the experiments. For each formulation, three
independent batches were used for the in vitro aerosol performance evaluation.

2.11. Time–Kill Assay

Overnight bacterial cultures of A. baumannii K31 were adjusted to 5 × 105 colony–
forming units (CFU)/mL in cation–adjusted Mueller–Hinton broth (200 mL), transferred to
glass flasks and incubated for 30 min at 37 ◦C to reach the early exponential growth phase.
Spray–dried powders (CIP–SD, PMB–SD and PMB–CIP–SD) were sealed in a dialysis bag
and added to each culture flask at the time point of zero. A sequential combination group
was set here to compare with the fixed–dose combination. For this sequential addition,
PMB–SD was added at time point zero with other groups, and the CIP–SD was added
after sampling at 24 h. The experimental design and treatment groups are described in
Table 3. After the antibiotics were added, the flasks were incubated at 37 ◦C for 48 h. At
time intervals of 2 h, 6 h, 12 h, 24 h, 36 h and 48 h, 150 µL of culture was withdrawn from
the flasks and serially diluted in saline. The diluted culture was then spotted (20 µL of each
dilution) on Mueller–Hinton agar plates. After 24 h incubation, the colonies were counted,
and CFU/mL values were calculated for each group. Experiments were performed in
duplicate, and data have been presented as the mean value of the two counts. To verify the
dissolution influence when using drug powders in the time–kill study, a parallel study was
performed by employing the antibiotic solution with the same group setting as that used in
the spray–dried powders group (description in Supplementary Results).

Table 3. Group setting and corresponding antibiotic addition plan.

Code Name Treatment
Concentration (µg/mL)

CIP PMB

a Control no antibiotic – –
b PMB–SD add PMB–SD at time zero – 1
c CIP–SD add CIP–SD at time zero 32 –
d PMB–CIP–SD add PMB–SD and CIP–SD at time zero 32 1
e PMB–SD–CIP–SD add PMB–SD at the beginning then add CIP–SD added after 24 h 32 1

Concentrations of CIP and PMB tested corresponded to pure drug formulations.

2.12. Population Analysis Profiling (PAP)

Bacteria from the different treatment groups in the time–kill assay were included in
the PAP analysis (Figure 1). Briefly, at time intervals of 24 h and 48 h, bacteria were sampled
from each group of the time–kill assay, centrifuged and washed twice, and then spread on
a 5% blood agar plate and incubated at 37 ◦C overnight. After incubation, three colonies
from each of the 24 h and 48 h plates were randomly selected, and each strain yielded a
lineage that was then used for PAP analysis and confirmatory MIC testing. Antibiotic–free
solutions were used as a reference.
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tion; the group codes correspond to Table 3. Lineages from different time–kill assay (at 24 and 48 h) 
groups were used for further assaying resistance development. 
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ing suspension and serial dilutions (10–1 to1–6 diluted in 0.85% saline) were spotted (20 
µL) on Mueller–Hinton agar plates without or with varying concentrations of PMB (0.5, 
1, 2, 4, 8, and 16 µg/mL) and CIP (16, 32, 64, 128, 256, and 512 µg/mL). Colonies were 
counted after 48 h of incubation at 37 °C. PAP values were based on CFU counting and 
the corresponding drug and drug concentration colonies were counted. The results are 
grouped with the corresponding group in the time–kill assay (24 h and 48 h). 

2.13. MIC Testing 
The MICs of all isolates at the start of the PAP experiment were determined by 

E−TEST for CIP and PMB, performed according to the manufacturer’s recommendations 
(BioMérieux, Marcy−l'Étoile, France). Briefly, each isolate was adjusted to 5 × 108 CFU/mL 
and spread using a cotton swab on a Mueller–Hinton agar plate. E−test strips were placed 
on the plates and incubated at 37 °C for 20 h, and the MIC was read where the bacterial 
growth intersected the test strip. Isolates with MICs below test limits were re−tested by 
broth microdilution method. Briefly, two−fold serial dilutions from 1 to 512 µg/mL were 
diluted in Mueller–Hinton broth in a 96−well microtiter plate, and a 0.5 MacFarland stand-
ard inoculum (fresh overnight culture) of each group was diluted and transferred into 
each well to afford a final inoculum of 5 × 105 CFU/mL. All plates were incubated for 20 h 
at 37 °C, and the MIC value was the concentration at which no bacterial growth was visible 
in the well. The MICs of the isolates were compared with the original A. baumannii K31 

Figure 1. Graphic representation of the in vitro microbiology study. Colored bars in the time schedule
represent different addition times and durations of spray–dried antibiotic dry powder application;
the group codes correspond to Table 3. Lineages from different time–kill assay (at 24 and 48 h) groups
were used for further assaying resistance development.

Each isolate was adjusted to 0.5 MacFarland (108 CFU/mL) in 0.85% saline. The
starting suspension and serial dilutions (10–1 to1–6 diluted in 0.85% saline) were spotted
(20 µL) on Mueller–Hinton agar plates without or with varying concentrations of PMB (0.5,
1, 2, 4, 8, and 16 µg/mL) and CIP (16, 32, 64, 128, 256, and 512 µg/mL). Colonies were
counted after 48 h of incubation at 37 ◦C. PAP values were based on CFU counting and
the corresponding drug and drug concentration colonies were counted. The results are
grouped with the corresponding group in the time–kill assay (24 h and 48 h).

2.13. MIC Testing

The MICs of all isolates at the start of the PAP experiment were determined by E–
TEST for CIP and PMB, performed according to the manufacturer’s recommendations
(BioMérieux, Marcy–l’Étoile, France). Briefly, each isolate was adjusted to 5 × 108 CFU/mL
and spread using a cotton swab on a Mueller–Hinton agar plate. E–test strips were placed
on the plates and incubated at 37 ◦C for 20 h, and the MIC was read where the bacterial
growth intersected the test strip. Isolates with MICs below test limits were re–tested
by broth microdilution method. Briefly, two–fold serial dilutions from 1 to 512 µg/mL
were diluted in Mueller–Hinton broth in a 96–well microtiter plate, and a 0.5 MacFarland
standard inoculum (fresh overnight culture) of each group was diluted and transferred
into each well to afford a final inoculum of 5 × 105 CFU/mL. All plates were incubated for
20 h at 37 ◦C, and the MIC value was the concentration at which no bacterial growth was
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visible in the well. The MICs of the isolates were compared with the original A. baumannii
K31 (Table 1), and value changes were recorded. The results have been grouped via the
corresponding group name in the time–kill assay (24 h and 48 h). For each lineage in the
time–kill groups, three isolates were selected, and data have been presented as the mean
and standard deviation.

2.14. Genome Sequencing and Analysis

The 48 h lineage values after time–kill study were used for the identification of se-
quence variations. The lineages derived from solutions were used to avoid the uncertainty
of dry powders (Supplementary materials, Table S2). From the original K31 strain, as
well as the 48 h lineages of the control, PMB–Sol and CIP–Sol groups, one colony was
picked for genome sequencing analysis. For the 48 h lineages of the PMB–CIP–Sol and
PMB–Sol–CIP–Sol groups, three colonies were picked for sequencing.

All colonies were then re–cultured overnight in Mueller–Hinton broth at 37 ◦C. Ge-
nomic DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen, Venlo, The
Netherlands). The purity and concentration of extracted DNA were assayed using the
Nanodrop and Qubit instruments, respectively. The Nextera XT library preparation kit was
used to prepare a sequencing library. The prepared library was sequenced on a MiSeq using
a paired–end 2 × 250 bp sequencing strategy, according to standard Illumina protocols
(Illumina, San Diego, CA, USA).

To identify sequence variations, the raw sequence data were aligned to an annotated
A. baumannii 1656–2 reference chromosome (GenBank accession no. CP001921) [29] using
NASP v1.2.0 [30] by using BWA–MEM v0.7.12 [31], and the variants were called using
GATK [32]. To retain only high–quality variant calling, the respective position was not
included when a minimum of 10–depth sequencing was not met, or the nucleotide variant
was shown in <90% of the base calls per individual isolates.

2.15. Statistical Analysis

The results are indicated with the appropriate number of replicates (n) and represented
as the mean value ± standard. Statistics were carried out using GraphPad Prism version
8.0 for Windows. p-values below 5% (p < 0.05) were considered as statistically significant,
as determined by analysis of variance (ANOVA) followed by a t-test.

3. Results
3.1. Preparation and Characterization of Spray–Dried Powders

Prior to spray–drying, the CIP was wet–milled to nanoparticles of around 362 nm, as
measured by dynamic light scattering (description in Supplementary results). Upon spray–
drying, the CIP nanoparticles obtained from the wet–milling were transformed to spherical
particles, i.e., CIP–SD, in a size range of 1–6 µm (Table 4), measured by laser diffraction. The
CIP–SD particles were spherical and composed of fine grains (Figure 2c). The spray–dried
PMB (PMB–SD) particles were hollow and wrinkled, in a size range of 0.7–6.4 µm (Table 2).
Co–spray–dried samples, i.e., PMB–CIP SD, resembled CIP–SD particles (Figure 2e), and
their sizes ranged 0.7–6.4 µm (Table 2).

Table 4. Particle sizes of dry powder formulations.

Sample Name
Diameter (µm)

Span (µm)
Dv10 Dv50 Dv90

PMB–SD 1.2 ± 0.1 2.7 ± 0.1 5.7 ± 0.3 1.6 ± 0.1
CIP–SD 0.7 ± 0.1 2.6 ± 0.2 6.4 ± 0.3 2.2 ± 0.1

PMB–CIP SD 0.7 ± 0.1 2.7 ± 0.1 6.3 ± 0.1 2.0 ± 0.1
Dv10, Dv50, and Dv90 are volumetric diameters at 10%, 50% and 90% cumulative numbers, respectively. Data
shown are representative of triplicate tests (mean ± SD, n = 3).
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As for the solid states of the different formulations, the PMB remained amorphous
after the spray–drying process, whereas the CIP–SD exhibited different crystalline forms
from raw CIP (Figure 3). The diffraction patterns of the co–spray–dried PMD–CIP–SD
powders resemble those of CIP–SD.
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PMB–CIP–SD.

In the DVS analyses, CIP–SD exhibited a rapid water sorption until 30% RH, followed
by a slow water sorption in the range of 30–70% RH, and another burst of rapid water
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sorption until 90% RH (Figure 4). The CIP–SD underwent a total of 25% (w/w) of its weight
gain up to 90% RH. The removal of water from the CIP–SD seemed to complete with
desorption, whereas the desorption exhibited a different profile from the sorption. There
was negligible desorption of water from 90% to 50% RH, which was followed by a rapid
loss of water from 50% to 40% RH, and from 20% to 10% RH. In contrast, the sorption and
desorption profiles of PMB–SD are mostly overlaid, with a total 38% (w/w) of the weight
gain occurring up to 90% RH. The sorption–desorption profiles of PMB–CIP–SD resemble
those of CIP–SD.
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3.2. In Vitro Dissolution and Aerosol Performance of Spray–Dried Powders

The dissolution rates of PMB from different samples, i.e., raw PMB, PMB–SD and
PMB–CIP–SD, are similar, and they were all faster than CIP (Figure 5). The dissolution
rates of spray–dried CIP samples i.e., CIP–SD and PMB–CIP–SD, were similar, and were
faster than that of raw CIP.
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All spray–dried powders exhibited relatively high FPF and ED values of over 40%
and 70%, respectively (Figure 6). PMB–SD exhibited significantly higher FPF and ED
compared to CIP–SD. The FPF and ED values of PMB–CIP SD are similar to those of
PMB–SD (p < 0.05).
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3.3. Time–Kill Assay

The growth of bacteria treated with CIP–SD was inhibited for the first 24 h
(0.7 log10 CFU/mL decrease as compared to the control, Figure 7), followed by regrowth
from 24 h to 36 h, ultimately reaching a similar log10 CFU/mL to the control (i.e., 14.7 of
log10 CFU/mL inoculum increase after 48 h of incubation). PMB–SD exhibited a bacterio-
static effect during the first 6 h, with a 5.6 log10 CFU/mL inoculum reduction. A regrowth
could be seen after 6 h, but there was apparent inhibition compared to the control and
CIP–SD–treated group (Figure 7). PMB–CIP–SD exhibited a similar bacteriostatic activity to
the PMB group in the first 6 h, followed by regrowth. It also exhibited a stronger inhibition
effect than the PMB group. As for PMB–SD–CIP–SD, a similar killing activity to that of
PMB–SD could be observed at 0–24 h. However, the regrowth was slow between 24 and
48 h, and was similar to that of PMB–CIP–SD during the same period. The changes in log10
CFU/mL after 24 and 48 h incubation as compared to the inoculum are listed in Figure 7b.
PMB–CIP–SD exhibited the strongest inhibition effect among the samples, followed by
PMB–SD–CIP–SD, PMB–SD, and CIP–SD.
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Figure 7. Time–kill assay with A. baumannii K31 treated with different formulations (a) and a
histogram of the change in growth after 24 h and 48 h incubation compared to the inoculum (b). Data
are presented as the means of two experiments.

3.4. Population Analysis Profile

In the population analysis of PMB using different concentrations, the PMB–SD 24 h
and 48 h lineages were shown to be a resistant subpopulation that survived up to 16 µg/mL
of PMB (Figure 8a,b). No resistant subpopulations were observed in the CIP–SD lineages
(24 h and 48 h). the CIP–SD lineages became susceptible to lower concentrations of PMB
compared to the control lineages. As shown in Figure 8a,b, reduced populations of the
CIP–SD 24 h lineage and 48 h lineage can be observed at 1 µg/mL and 0.5 µg/mL of PMB,
respectively. As for the drug combinations, PMB–CIP–SD was similar to CIP–SD. However,
the PMB–SD–CIP–SD 24 h lineage was similar to the PMB–SD 24 h lineage, while the
PMB–SD–CIP–SD 48 h lineage was similar to the CIP–SD 48 h lineage.
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Figure 8. Population analysis profiles of lineages against PMB and CIP (mean ± SEM, n = 3). Lineages
were treated with different antibiotics and have been coded by the names in the experimental design
of the time–kill assay (Figure 1 and Table 3). (a,c) The results of lineages (after 24 h treatment in
the time–kill assay) against different concentrations of PMB and CIP in the population analysis
respectively; (b,d) the results of lineages (after 48 h treatment in the time–kill assay) against different
concentrations of PMB and CIP in the population analyses, respectively.

When the different lineages were exposed to varying concentrations of CIP, the CIP–SD
lineages (24 h and 48 h) appeared to survive 512 µg/mL of CIP (Figure 8c,d). The PMB–SD
24 h lineage, PMB–CIP–SD 24 h lineage, PMB–CIP–SD 48 h lineage, PMB–SD–CIP–SD
24 h lineage, and PMB–SD–CIP–SD 48 h lineage were similar to the control lineages, i.e.,
no growth was seen at 256 µg/mL of CIP. Interestingly, the PMB–SD 48 h lineages were
eliminate at 16 µg/mL of CIP (Figure 8d), which is much lower than the value of the control
lineages (256 µg/mL).

3.5. Changes in MIC of Lineages

The change in MIC of PMB and CIP in various lineages isolated from the time–kill
study are shown in Figure 9a,b, respectively. We observed a prominent increase in the
MIC of PMB in the PMB–SD 48 h lineage, contrary to the MIC of the other lineages of
PMB (Figure 9a). We also noted an increase in the MIC of CIP against the CIP–SD 24 h
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lineage and 48 h lineage, as well as a decrease in the CIP MIC for the PMB–SD 48 h lineage
(Figure 9b). There was no change in the CIP MIC of other lineages.
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3.6. Genomic Analyses

After purging repetitive and duplicated regions in the reference chromosome, we
detected a total of 12 mutations in all sequenced isolates (n = 10) across ~3.2 Mb (80.39%) of
the reference genome. All mutations were found in coding regions, with 59% (7/12) being
non–synonymous (Supplementary Table S3).

4. Discussion

Spray–drying is a useful technology for preparing inhalable dry powders [33], with
possibilities emerging of formulating drug combinations by the co–spray–drying of two
or multiple active pharmaceutical ingredients (API) [34,35]. CIP is a poorly water–soluble
fluoroquinolone antibiotic, and PMB is a water–soluble antibiotic. To load these two antibi-
otics with different solubilities, CIP was wet–milled to a homogeneous nano–suspension
(Table S1 in Supplementary materials), and then mixed with PMB solution at a designated
mass ratio prior to spray drying. The obtained PMB–CIP–SD exhibited a similar size distri-
bution (Table 4) to CIP–SD and PMB–SD. According to the DVS results, CIP–SD showed
abrupt sorption from 0 to 30% RH, followed by relatively gentle sorption from 30 to 70%,
which indicates that CIP was able to form a hydrate when in contact with water [36]. The
XRPD analyses suggest that the raw CIP was an anhydrate, and a CIP 3.7 hydrate was
obtained in the spray–dried powders [37,38], i.e., CIP–SD and PMB–CIP–SD. This can be
attributed to the interaction between water molecules and the CIP lattice during the wet
ball–milling process, resulting in CIP hydrate nanoparticles [37]. This suggests that the
conditions of the spray–drying process used in this study did not remove the water bound
in the CIP nanoparticles.

There are no differences in the dissolution rates of PMB in different spray–dried
powders (i.e., PMB–SD and PMB–CIP–SD). Similar dissolution rates of CIP were also
observed in different spray–dried powders (i.e., CIP–SD and PMB–CIP–SD). The dissolution
rate of the CIP derived from the spray–dried powders was higher than that of the raw
CIP material (Figure 5). One possible reason is that the sizes of CIP in the spray–dried
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powders were smaller than those in raw CIP materials [39]. In addition, their solid forms
were different (Figure 3). It is apparent that the dissolution rates of PMB were faster than
those of the CIP from the dry powders in all formulations. This can be attributed to the
differences in the intrinsic dissolution rates of PMB and CIP 3.7 hydrate.

In general, all spray–dried powders used in this study are inhalable, since a FPF value
above 30% is an index of robust aerosol performance [16]. Notably, PMB–SD possesses a
significantly higher respirable fraction compared to CIP–SD (Figure 6), while they have
similar geometric particle sizes and size distributions (Table 4). The respirable faction of
PMB–CIP–SD was around 60%. The inclusion of PMB in the spray–dried formulations
seemed to improve the aerosol performance of CIP formulations. Studies on the spray–
drying of PMB are rare, while spray–drying colistin (polymyxin E), its congener, has
been more intensively studied. Colistin is known to improve the aerosol performance of
co–spray–dried powders by inhibiting the cohesiveness of spray–dried particles [40,41].

As shown in Figure 6, the antibacterial effect of the combination of PMB–CIP–SD
against A. baumannii K31 is more effective than those of either antibiotic used alone (i.e.,
CIP–SD and PMB–SD). The reduction in the log10 CFU/mL of PMB–CIP–SD was more
than 2–fold at both 24 and 48 h, indicating the combination exerted a synergistic effect [42].
This indicates that the combination of PMB and CIP may be a promising candidate to treat
infections caused by resistant A. baumannii, owing to their synergistic effects. While antibi-
otic combinations with synergistic effects eliminate bacteria rapidly, they may also create
a window for mutant populations to develop and proliferate, resulting in an increase in
resistance development [19,20]. Therefore, in the subsequent experiments, various lineages
collected from the time–kill study were investigated by PAP analysis and MIC testing so
as to gain further insights into the resistance development and collateral sensitivity of the
drug combination.

The lineages collected at 48 h in the time–kill study with individual antibiotics (i.e.,
CIP–SD or PMB–SD) exhibited resistance. Interestingly, though, the PMB–SD lineages
exhibited susceptibility to CIP. The CIP MIC decreased from 32 to 4.7 µg/mL. In addition,
as shown in PAP, the resistant subpopulation was reduced in the presence of CIP, which
could be considered as indicating collateral sensitivity [43,44].

The lineages treated by the combinations (i.e., PMB–CIP–SD and PMB–SD–CIP–SD)
exhibited slower resistance development as compared to strains exposed to the individual
antibiotics alone. The similar PAP and unchanged MICs seen in the PMB and CIP were
similar to the findings for the control (i.e., bacteria that were not exposed to antibiotics).
One possible reason is that the combination rapidly and more effective eradicated the
bacteria than the individual antibiotics alone, limiting the time window of regrowth of
the resistant mutants [20]. Another reason could be that the presence of PMB induced
collateral sensitivity in the CIP. It has been reported that the development of resistance to
an antibiotic combination could be limited when the resistance to one antibiotic confers
collateral sensitivity to the other antibiotic [22].

The only difference between the two combined formulations, i.e., PMB–CIP–SD and
PMB–SD–CIP–SD, is the sequence of the addition of CIP–SD in the time–kill study. The
intention of testing PMB–SD–CIP–SD was to investigate whether the sequential use of
antibiotics (PMB–SD first, followed by CIP–SD) afforded a better bactericidal effect and the
greater inhibition of resistance development than the fixed–dose combination (PMB–CIP–
SD). In addition, this will shorten the exposure time of CIP, and can take advantage of the
collateral sensitivity of PMB. The results show that even though CIP–SD was added to the
bacterial culture 24 h after the treatment of PMB (i.e., PMB–SD–CIP–SD), the antibacterial
effects of the two formulations at 48 h were similar (Figures 7–9). The possible reason for
this could be that the change in the population with collateral sensitivity (treated with PMB
solution) within 24 h was not high enough to induce the antibacterial activity (i.e., time–kill,
PAP and MIC). The mutant frequencies were estimated, and 59% of identified mutants
were found to be non–synonymous. This suggests that the single–drug–treated lineages
collected in this study adapted to the antibiotics (CIP and PMB) without mutation [44].
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Consequently, the collateral susceptibility observed in this study can be attributed to the
pre–adaptation phenomenon, which has been found to be associated with beta–lactamase
and efflux pump activities [45,46].

Contemporary antibiotic treatments via the oral route and injection cannot always
reach an adequate bacteria–killing effect for chronic respiratory infection [47]. The opti-
mization of the exposure–response relationships of antibiotics is beneficial to the treatment
of severe infections in the lung, which can be performed via the pulmonary administration
of antibiotics [47]. The pulmonary administration of antibiotics such as tobramycin and
colistin was first undertaken using nebulized solutions [48]. Inhaled tobramycin, i.e., TOBI®

Podhaler™, was approved first in 2013 by the FDA as an inhaled antibiotic dry powder
product, bringing obvious clinical benefits to respiratory infection treatment [49]. The
need for dry powder inhalers is increasing rapidly since they are portable and convenient
for use [50]. Moreover, the development of new inhaled antibiotic combinations has not
stopped. For example, besides the antibiotic pairs that afford synergistic effects [51,52], new
combinations, such as antibiotic–biologicals, are also being studied in inhalable dry powder
forms [53]. In addition, new delivery systems, such as nanoparticles and liposomes aiming
to overcome the mucus/sputum barrier and prolong the drug retention time in the lung of
inhaled antibiotics for the treatment of chronic respiratory infection, have been investigated
and developed, as these delivery systems could provide additional functionality to the
treatment [52,54].

In brief, resistance development is an important factor that should be considered in
rational combination designs, and collateral sensitivity/resistance studies may offer more
opportunities, and inspire the development of new resistance–limiting combinations.

5. Conclusions

This study demonstrates that inhalable dry powders consisting of CIP and PMB
can be readily produced by spray–drying. The fixed–dose combination of CIP and PMB
is affordable and more effective against multidrug–resistant A. baumannii. In addition,
this combination exerts a synergistic effect, and can better suppress the development of
resistance as compared to individual antibiotics alone.
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Abstract: This manuscript critically reviews the design and delivery of spray-dried particles for the
achievement of high total lung doses (TLD) with a portable dry powder inhaler. We introduce a new
metric termed the product density, which is simply the TLD of a drug divided by the volume of the
receptacle it is contained within. The product density is given by the product of three terms: the
packing density (the mass of powder divided by the volume of the receptacle), the drug loading (the
mass of drug divided by the mass of powder), and the aerosol performance (the TLD divided by
the mass of drug). This manuscript discusses strategies for maximizing each of these terms. Spray
drying at low drying rates with small amounts of a shell-forming excipient (low Peclet number) leads
to the formation of higher density particles with high packing densities. This enables ultrahigh TLD
(>100 mg of drug) to be achieved from a single receptacle. The emptying of powder from capsules is
directly proportional to the mass of powder in the receptacle, requiring an inhaled volume of about
1 L for fill masses between 40 and 50 mg and up to 3.2 L for a fill mass of 150 mg.

Keywords: packing density; product density; small porous particles; corrugated particles

1. Introduction

Traditionally, large doses of inhaled drugs have been administered by jet nebulization.
High dose nebulized drugs include Virazole® (ribavirin inhalation solution) for the treat-
ment of respiratory syncytial virus [1,2], Nebupent® (pentamidine inhalation solution) for
prophylaxis against Pneumocystis jiroveci in immunocompromised AIDS/HIV and organ
transplant patients [3,4], and TOBI® (tobramycin inhalation solution) for the treatment of
Pseudomonas aeruginosa infections in cystic fibrosis (CF) patients [5,6].

Jet nebulizers have limitations that can impact patient adherence [7]. They are bulky,
noisy, require a power source, and have a high daily treatment burden. The daily treatment
burden considers not only the time to administer the drug but also the time for set-up,
disassembly, cleaning, and disinfection of the delivery device. Compliance with cleaning
nebulizers is typically poor [8] and this can lead to contamination of the nebulizer with
bacteria, possibly increasing the risk of administration of new, more virulent pathogens
to at-risk patients during treatment [9]. Aqueous solutions of drugs for inhalation often
must be reconstituted from lyophilized powder or stored at refrigerated temperatures to
maintain chemical stability of the drug substance. Jet nebulizers also produce high levels
of fugitive aerosol.

The higher delivery efficiency of vibrating mesh nebulizers can decrease the daily
treatment burden [10,11] but this often requires nebulization of hypertonic solutions that
pose greater risk of causing irritation in the lungs [12].

Relative to jet nebulizers, dry powder inhalers enable dramatic decreases in adminis-
tration time and daily treatment burden. The transition from a nebulized treatment with
tobramycin inhalation solution (TOBI®) to tobramycin inhalation powder (TOBI® Pod-
haler™) led to a reduction in administration time by ~30 min/day [13,14]. This translated
into a high preference for the inhaled powder among CF patients [13] with improvements
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in adherence [15,16] and pharmacoeconomics [16,17]. Portable dry powder inhalers do not
require a power source and are easy to carry in a pocket or purse, enabling discreet use
outside the home [14].

1.1. High Dose Delivery with Portable Dry Powder Inhalers

Most subjects can empty 40–50 mg of powder from a receptacle in a single inhalation
[Sections 4.3 and 4.4]. As the dose increases and powder mass exceeds 100 mg, the options
become less satisfactory. This is exemplified by TOBI Podhaler (powder mass = 194 mg) and
Bronchitol® (powder mass = 400 mg), which require administration of four and ten capsules
twice daily, respectively (Figure 1). There remains a clear unmet need for improving drug
delivery with a portable inhaler when the inhaled powder mass exceeds 100 mg.

Figure 1. The unit dose Podhaler DPI and a month’s supply of 240 capsules.

Indeed, Hickey et al. defined the challenges associated with high dose delivery well:
“Effective high dose delivery of inhaled dry powders is a balance of the influence of product
performance (drug formulation, metering, and device) and dose delivery (mass on a single
breath, number of breaths per dose) with respect to patient adherence to therapy over
potentially long periods of treatment.” [18].

1.2. Definition of Ranges of Total Lung Dose

Sibum et al. [19] proposed a definition of high powder doses based on the highest
mass of drug that can be delivered with standard adhesive mixtures comprising micronized
drug and coarse lactose carrier particles (i.e., lactose blends). They suggested that the upper
bound for drug loading in lactose blends is 0.1 mg/mg, after which the drug may not be
associated with the carrier and the blend may be mechanically unstable with poor dose
reproducibility [20]. The maximum fill mass for marketed adhesive mixtures is 25 mg,
resulting in a breakpoint at nominal doses ≥2.5 mg.

Given that inhalation products have markedly different aerosol performance metrics,
we prefer to use the total lung dose (TLD) as the defining metric. Adhesive mixtures
comprising a force control agent such as magnesium stearate can achieve a TLD of about
0.5 mg/mg of the nominal dose [21,22]. Hence, the breakpoint between low and high doses
would equate to a TLD of ~1 mg. Potent asthma and COPD therapeutics (e.g., inhaled
corticosteroids and bronchodilators) have TLD values less than ~0.1 mg, falling well within
the low-dose classification (Figure 2). Figure 2 also delineates less potent drugs subdivided
into three additional groups: moderate, high, and ultrahigh total lung doses. To put the
delivery challenge in perspective, this dose range covers six orders of magnitude.
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Figure 2. The total lung dose, TLD (*) of various inhaled drugs. The TLD is divided into low, moderate, high, and ultrahigh
dose categories. Abbreviations: ICS, inhaled corticosteroid; LABA, long-acting beta-agonist; LAMA, long-acting muscarinic
antagonist; SABA, short-acting beta-agonist; ABIP, amphotericin B inhalation powder (Nektar Therapeutics, San Francisco,
CA, USA); CIP, Ciprofloxacin DPI (Bayer, Leverkusen, Germany); TIP, TOBI Podhaler (Novartis, Basel, Switzerland).

As discussed, there is a limit to the mass of powder that can be inhaled in a single
inhalation using a capsule-based dry powder inhaler. Porous particle formulations have
achieved a TLD up to ~20 mg in a single inhalation [23]. We define the range of TLD from 1
to 20 mg as moderate doses. For inhaled antibiotics, this group includes Ciprofloxacin DPI,
Amphotericin B Inhalation Powder (ABIP), Aerovanc®, and Colobreathe®. The TLD range
from 20 to 100 mg may require either multiple receptacles and/or multiple inhalations
from a large receptacle to deliver the TLD. This dose range is defined as high doses and
includes products such as TOBI Podhaler (TLD ~70 mg), Bronchitol® (TLD ~70 mg), and
Inbrija® (TLD ~40 mg). Finally, TLD values above 100 mg are defined as ultrahigh doses.
This group currently has no approved products but includes aspirational products such as
pulmonary surfactant (TLD > 1000 mg, assuming a 20 mg/kg dose to a 60 kg adult).

At some point, the TLD can become impractical for delivery with a portable DPI, as it
would require an excessive number of receptacles and too many inhalations per receptacle.
This practical limit is likely less than 1 g unless a significant innovation in drug delivery is
achieved. It is possible that these high doses could be delivered with a powder nebulizer
over multiple breaths, but this may encompass many of the challenges associated with
liquid nebulizers [24].

The balance of this review is focused on how to maximize the TLD that can be
delivered from a given sized receptacle for spray-dried powders. To aid in this endeavor,
we introduce a new metric termed the ‘product density’.

2. Product Density

The product density (ρproduct) is simply the TLD achieved with a portable DPI divided
by the volume of the receptable (Vr) that contains the powder. Both terms can be easily
measured experimentally. The two most common types of receptacles in non-reservoir-
based DPIs are capsules and laminated foil-foil blisters. The receptacle volume of blisters
is typically between 0.03 and 0.2 mL, while capsule volumes vary between about 0.2
and 1.0 mL. Some recent DPI designs contain larger volume blisters and use compressed
‘pucks’ to enable larger fill masses [25–27]. The TLD can be determined in vivo by imaging
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(e.g., gamma scintigraphy) [28] and pharmacokinetic methods [29]. Alternatively, the
TLD can be estimated in vitro with anatomical throat models (e.g., an Alberta idealized
throat, AIT) [30,31]. Estimates can also be made using cascade impactor data but given the
dependence of regional deposition on both size and flow rate, it is more appropriate to
use a stage grouping (e.g., the stage grouping from stage 3 to the micro-orifice collector
(MOC) in a Next Generation Impactor) as opposed to a cutoff size [32,33]. This stage
grouping corresponds to particles with an impaction parameter less than ~467 µm2 L
min−1 [32]. Unfortunately, the ‘type’ of aerosol performance data available varies from
product to product. When available, priority is given to the use of in vivo imaging and
pharmacokinetic results, followed by in vitro anatomical throat data, and then in vitro
impactor data. While there may be differences in the in vivo and in vitro measures of TLD,
we do not believe that these differences materially impact the results and conclusions of
the study.

The product density can be subdivided into three terms that capture the essence of
key design features of a high dose product (Equation (1)).

ρproduct =
TLD

Vr
=

(mpowder

Vr

) ( mdrug

mpowder

) (
TLD
mdrug

)
(1)

The three terms comprise: (1) the mass of powder (mpowder) that can be filled into the
receptacle volume (‘packing density’), (2) the mass of drug (mdrug) divided by the mass of
powder (‘drug loading’), and (3) the fraction of the drug that is delivered into the lungs
(‘aerosol performance’).

2.1. Packing Density

The packing density depends on the characteristics of the powder and the specifics of
the filling process. The density of the powder bed depends not only on the particle density
but also on how close the particles are able to be packed in the powder bed, which depends
on the cohesive forces between particles.

Fine, cohesive powders are typically filled with vacuum drum fillers. These fillers,
originally designed during the development of Exubera®, utilize ultrasonic energy to
induce powder flow from a trough into a truncated cone-shaped filling cavity located on
a rotating cylinder [34–36]. Acoustic energy may also be used to fluidize powder in the
trough [36]. Drum fillers enable accurate and precise filling of fine cohesive powders down
to fill masses of ~1 mg with an RSD of ≤2% [34]. The loosely compacted pucks are easily
broken up during a ‘capsule polishing’ step where the surface of the capsules is dedusted.

The size of the void space within the receptacle depends on the size and shape of
the receptacle and the corresponding size and shape of the puck as well as the number
of pucks filled. The volume of the receptacle filled may also be influenced by the free
volume needed within the receptacle for effective powder emptying. For example, for
blister-based receptacles, powder properties (e.g., physical stability and chemical stability)
can be negatively impacted if the powder is touching the lid foil during heat sealing.

2.2. Drug Loading

In the term drug loading, the ‘drug’ comprises only the active drug substance. It
does not include the mass of the counterion in salts (or conformer in cocrystals), the mass
in a drug that is not part of the active agent (e.g., in a prodrug), or the mass associated
with excipients and residual process aids. For high dose delivery, it is highly desirable to
maximize the drug loading in the formulation. With that said, the use of excipients is often
necessary and, as we will show, critical for optimizing high dose delivery (Section 4).
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2.3. Aerosol Performance

Aerosol performance depends on the nature of the formulation and the delivery
device, and how the two components work in concert to optimize drug delivery to the
target site within the lungs.

2.4. Optimization of Product Density

Taken together, the three terms encompass all aspects of the formulation, manufac-
turing process, and product performance, hence the term ‘product density’. Attempts to
improve one term may negatively impact another. For example, in some formulations,
increasing powder compression during filling to increase the packing density may diminish
aerosol performance. Drug delivery with neat formulations to increase drug loading may
also reduce aerosol performance or increase dosing variability. Indeed, the constraints
imposed for high dose delivery are unique for each drug being considered and the devel-
opment of the drug product often becomes an optimization exercise. There is no single
right answer and there are typically multiple approaches to arrive at an acceptable drug
product, especially for drugs that require a moderate TLD.

3. Product Densities in Inhaled Drug Products

The product density metrics for the drug products pictured in Figure 2 are presented
in Table 1.

Table 1. Product density metrics for various late-stage and marketed products.

Drug Product Packing Density
(mg/mL)

Drug Loading
(mg/mg)

Aerosol Performance
(mg/mg)

Product Density
(mg/mL)

Spiriva® HandiHaler® 18.3 0.003 0.20 0.012
Onbrez® Breezhaler® 83.3 0.006 0.34 0.17

Intal® Spinhaler® 54.1 0.91 0.11 5.4
Relenza® 125.0 0.20 0.23 5.8

Colobreathe® 391.9 0.44 0.12 20.7
TOBI® Podhaler™ 131.1 0.58 0.63 47.1
Ciprofloxacin DPI 135.1 0.65 0.53 46.5

ABIP 27.0 0.50 0.70 9.5
Capreomycin DPI 100.0 0.69 0.30 20.7

Aerovanc® 100.0 0.83 0.50 41.5
Bronchitol® 133.3 1.0 0.18 23.3

Inbrija® 52.6 0.84 0.50 22.1

3.1. Low Dose Products

As discussed, drugs for asthma and COPD are highly potent with TLDs less than
~0.1 mg (Figure 2). Table 1 includes product density metrics for two COPD drug products
comprising adhesive mixtures: Spiriva® HandiHaler® (Boehringer Ingelheim, Ingelheim
am Rhein, Germany) [37,38] and Onbrez® Breezhaler® (Novartis) [22,39]. The drugs in
these products are bronchodilators: tiotropium bromide, a muscarinic receptor antagonist,
and indacaterol maleate, a beta-agonist. Owing to the low nominal doses required, the drug
loadings in these formulations are very low (0.003 and 0.006 mg/mg, respectively). The fill
masses and resulting packing densities are also low (18.3 and 83.3 mg/mL, respectively),
as are the TLD values (0.20 and 0.34 mg/mg, respectively). These metrics result in product
densities for Spiriva and Onbrez of 0.012 and 0.17 mg/mL, respectively.

The magnitude of the flow rate dependence for these formulations was assessed using
the Qindex [40]. The Qindex is the percent difference in TLD between pressure drops of 1 and
6 kPa, normalized by the higher of the two values. Formulations with Qindex values <15%
are defined as having low flow rate dependence, between 15 and 45% medium flow rate
dependence, and >45% high flow rate dependence [40]. The Qindex values for Spiriva
HandiHaler and Onbrez Breezhaler were −25.0 and −31.0%, respectively, indicative of
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medium flow rate dependence [40]. A medium flow rate dependence is characteristic of
lactose blends [40].

3.2. Intal® (Cromolyn Sodium Inhalation Powder)

Cromolyn sodium (also known as sodium cromoglycate) is a bronchodilator devel-
oped from the plant extract Khellin. At the time it was developed, Intal (Fisons, Lough-
borough, UK) was considered to be a high dose product, delivering 20 mg of micronized
cromolyn sodium to asthma patients from a size 2 capsule with the Spinhaler® DPI (packing
density = 54.1 mg/mL). The drug loading is quite high (0.91 mg/mg) owing to formu-
lation as the disodium salt (i.e., without excipients). The TLD varies between 0.055 and
0.17 mg/mg with variations in inspiratory flow rate (mean = 0.113 mg/mg) [41], leading
to a product density of ~5.4 mg/mL. On average, the TLD/capsule is about 2 mg. The
Qindex for Intal is +73.7%, indicative of a high flow rate dependence [40].

3.3. Relenza® (Zanamivir Inhalation Powder)

Relenza (GSK) is a dry powder formulation of the antiviral zanamivir, used for the
treatment of influenza. The drug product comprises an adhesive mixture of 5 mg of
micronized drug blended with 20 mg of coarse lactose carrier particles (drug loading:
0.2 mg/mg) [42]. Twenty-five milligrams of the formulated powder was filled into lami-
nated foil blisters (Vr ~ 0.16 mL) for a packing density of 125.0 mg/mL. A dose consists
of administration of the contents of two blisters (total powder dose = 50 mg). The TLD of
0.23 mg/mg was determined with an anatomical throat model [43], resulting in a product
density of 5.8 mg/mL. The TLD/blister is ~1.2 mg or ~2.4 mg/dose.

3.4. Colobreathe® (Colistimethate Powder for Inhalation)

Colobreathe (Forest Laboratories) is approved in Europe for the treatment of chronic
Pseudomonas aeruginosa infections in cystic fibrosis (CF) patients [44,45]. Colobreathe de-
livers an emitted dose of 125 mg of neat colistimethate sodium from the Turbospin® dry
powder inhaler twice daily [44,45]. The packing density is high (391.9 mg/mL) as the entire
145 mg powder dose is loaded into a single size 2 hard gelatin capsule. Colistimethate
sodium is a prodrug of colistin that is intended to improve the biocompatibility of the
cyclic peptide [46]. Colistin is first derivatized with methanesulfonic acid, and then con-
verted into the sodium salt [46]. This results in a drug loading of the active colistin drug
substance of ~0.44 mg/mg [46]. The aerosol performance of Colobreathe is poor compared
to the spray-dried formulations, detailed below, with a total lung dose determined by
gamma scintigraphy of 0.12 mg/mg [47]. These factors contribute to a product density
of just 20.7 mg/mL. If colistimethate is treated as a neat drug (i.e., not as a prodrug),
the product density increases to 46.1 mg/mL, comparable to the small porous particles
detailed below. The in vitro TLD of neat colistimethate powder measured in the idealized
Alberta throat model with CF patient inspiratory flow profiles, is highly dependent on
flow rate (Qindex = −45.8%). The low TLD is also expected to lead to significant variability
in TLD associated with differences in the anatomical features of the oropharynx among
patients [48,49].

3.5. TOBI® Podhaler™ (Tobramycin Inhalation Powder)

TOBI Podhaler (Novartis) is also administered to CF patients as a maintenance treat-
ment for chronic P. aeruginosa infections in the airways [13,14,16]. The drug product was
developed as a life cycle extension to the nebulized TOBI® drug product, significantly
decreasing the burden of treatment while also improving patient convenience [13,14,16].
TOBI Podhaler is prepared using the solution-based PulmoSphere™ manufacturing pro-
cess [14,50] wherein tobramycin sulfate is dissolved in the continuous phase of a perfluo-
rooctyl bromide-in-water emulsion [14,50]. During drying, the evaporating liquid in the
emulsion droplets leaves behind nanopores in the dried particles.
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On a dry basis, the spray-dried drug product comprises 85% tobramycin sulfate
and 15% excipients (2:1 molar ratio of distearoylphosphatidylcholine (DSPC):calcium
chloride) [51]. When expressed in terms of tobramycin content and including residual
solvents, the drug loading is 0.58 mg/mg with ~20% of the mass in the composition taken
up by the sulfate counterion. The small porous particles have a median geometric size
of about 3 µm. The drug product is filled into a size 2 HPMC capsule with a 48.5 mg fill
mass yielding a packing density of 131.1 mg/mL. The nominal dose of 112 mg (28 mg
per capsule) is administered in four capsules with the Podhaler dry powder inhaler twice
daily, for a daily dose of 224 mg/day. The emitted dose is greater than 90% with about
63% of the nominal dose delivered into the lungs [52]. This results in a product density of
47.1 mg/mL and a TLD/capsule of 17.6 mg. The TLD in TOBI Podhaler is independent of
inspiratory flow rate over the range of breathing profiles typically achieved by CF patients
(Qindex = +0.3%) [40,52].

3.6. Ciprofloxacin DPI (Ciprofloxacin Powder for Inhalation)

Ciprofloxacin is a broad-spectrum antibiotic with activity against both Gram-positive
and Gram-negative bacteria. Ciprofloxacin DPI (Bayer) was developed for the treatment
of chronic infections in CF and non-CF bronchiectasis patients [53,54]. Ciprofloxacin
DPI is prepared by the suspension based PulmoSphere manufacturing process, using
the poorly soluble zwitterionic form of the drug at neutral pH [50,54]. This process
results in small porous particles of micronized crystalline drug particles coated with
porous shell comprising a 2:1 molar ratio of DSPC:CaCl2. Formulation of the neutral
form of the drug provides for dissolution-limited delivery in the lungs, enhancing the
pharmacokinetic/pharmacodynamic metrics (e.g., the AUC/MIC ratio) and efficacy of the
drug in the lungs [54]. The drug loading in the spray-dried drug product is 0.65 mg/mg.
Using a drum filler, 50 mg of the powder is loaded into size 2 HPMC capsules, giving a
packing density of 135.1 mg/mL. The nominal dose of the drug product is 32.5 mg, with
delivery from a single capsule twice daily (65 mg daily dose). The aerosol performance
as determined by gamma scintigraphy is about 0.53 mg/mg [55]. These results provide a
product density of 46.5 mg/mL and a TLD/capsule of 17.2 mg. Moreover, as per TOBI
Podhaler, the Qindex is low (Qindex =−12.2%) [54].

3.7. Amphotericin B Inhalation Powder (ABIP)

Amphotericin B inhalation powder (Nektar Therapeutics) was developed for pro-
phylaxis of immunocompromised patients against the development of invasive fungal
infections [56–58]. The drug product completed end-of-Phase 2 meetings with health
authorities, but the program was discontinued after the pulmonary business unit of Nektar
was sold to Novartis. The suspension based PulmoSphere formulation comprised 50% w/w
crystalline amphotericin B with the remainder being the PulmoSphere excipients (i.e., a 2:1
mol:mol ratio of DSPC:CaCl2) [56]. The drug is administered with a loading dose followed
by weekly maintenance doses [58]. Given the relatively low maintenance dose (5 or 10 mg),
the fill mass occupies only a small percentage of the size 2 capsule volume. As a result,
the packing density is just 27.0 mg/mL. The aerosol performance of ABIP is independent
of flow rate and inhaled volume with an emitted dose of 96 ± 3%, an MMAD of 2.3 µm,
an FPFS3-F of 83% of the nominal dose, and a Qindex of just +1.3% [56]. The TLD is about
0.7 mg/mg. This results in a product density of about 9.5 mg/mL, and a TLD/capsule of
about 3.5 mg.

3.8. Capreomycin Inhalation Powder

Capreomycin is an antibiotic that is commonly used in the treatment of tubercu-
losis in combination with other antibiotics. Core-shell particles of capreomycin sul-
fate (~87% capreomycin) were prepared by spray drying the drug with leucine as a
shell-forming excipient [59,60]. On a dry basis, the drug product contained 16.7% w/w
leucine. The spray-dried powder had a water content of 5.3% w/w, resulting in a drug
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loading of ~0.69 mg/mg. Thirty milligrams of powder was filled into size 3 capsules
(packing density = 100.0 mg/mL) and the contents of up to 12 capsules (total powder dose
of 360 mg) were administered to healthy adult subjects [60]. The MMAD of capreomycin
inhalation powder was 4.74 µm. The FPFS2-F was 50% of the nominal dose and the FPFS4-F
was 10% of the nominal dose. Splitting the difference yields an FPFS3-F of about 30% of the
nominal dose. Overall, this results in a packing density of 20.7 mg/mL and a TLD/capsule
of 6.2 mg. The TLD for the full 12 capsules was about 74.5 mg, i.e., comparable to that of
the TOBI Podhaler.

3.9. Aerovanc® (Vancomycin Inhalation Powder)

Aerovanc (Savara Pharmaceuticals) is intended to treat Gram-positive infections
(e.g., methicillin-resistant Staphylococcus aureus, MRSA) in CF patients. The small porous
particles were manufactured by spray drying a solution-based liquid feed that contained
83% vancomycin and 17% excipients [61–63]. The core-shell particles contained vancomycin
in the core of the particle with a shell of leucine. Thirty milligrams of Aerovanc was filled
into size 3 HPMC capsules providing a packing density of 100.0 mg/mL [61]. Aerosol
delivery into the lungs and systemic circulation was about 0.50 mg/mg [61,62]. Overall,
these features resulted in a product density comparable to the other small porous particle
formulations, i.e., 41.5 mg/mL and a TLD/capsule of 12.5 mg.

3.10. Bronchitol® (Mannitol Inhalation Powder)

Bronchitol (mannitol inhalation powder) improves mucociliary clearance in CF pa-
tients [64–66]. The 400 mg nominal dose of mannitol is subdivided into ten size 3 capsules
(Vr = 0.30 mL), each containing 40 mg of the powder formulation (packing density =
133.3 mg/mL). The drug product is administered twice daily for an 800 mg daily nomi-
nal dose. Bronchitol is manufactured by spray drying a solution of neat mannitol (drug
loading = 1.0 mg/mg) to produce fine crystalline drug particles. The aerosol performance
of spray-dried mannitol with a variant of the RS01 dry powder inhaler (Osmohaler™,
R = 0.036 kPa0.5 L−1 min) was determined by SPECT imaging in nine healthy subjects [66].
The measured TLD was 0.175 mg/mg [66]. This leads to a product density of 23.3 mg/mL
and a TLD/capsule of 7.0 mg. The TLD per dose is ~70 mg. The treatment burden is
high with Bronchitol with the need for patients to load and inhale the contents of twenty
capsules daily.

As with the other neat drug formulations (i.e., Intal and Colobreathe), the flow rate
dependence is high. The flow rate dependence of inhaled mannitol was assessed with
the lower resistance version of the Osmohaler (R = 0.021 kPa0.5 L−1 min) used for bron-
choprovocation testing. The TLD decreased from 0.199 mg/mg at a flow rate of 67 L min−1

to 0.098 mg/mg at a mean flow rate of 121 L min−1, corresponding to a high Qindex of
−52.0% [66].

3.11. Inbrija® (Levodopa Inhalation Powder)

Inbrija (Acorda Therapeutics) is prescribed to Parkinson’s patients during their “off-
period” when symptoms are high and plasma dopamine levels are low [67]. Pulmonary
administration enables rapid increases in plasma dopamine. The drug product on a dry
basis comprises 90% w/w levodopa with the remaining 10% w/w being a mixture of
dipalmitoylphosphatidylcholine (DPPC) and sodium chloride [25,68–70]. The spray-dried
drug product also contains residual moisture. Inbrija is manufactured as large porous
particles (ARCUS™ technology) as first described by Edwards et al. [71]. The median
geometric diameter of the corrugated particles is about 6 to 8 µm [70]. The large size
necessitates that the particle density be low to make the particles respirable. Indeed, the
poured bulk density of the large porous particles is about 0.02 to 0.05 g/cm3 [70]. Hence,
the volume of powder that must be inhaled is large. About 50 mg of powder containing
42 mg of levodopa is filled into size 00 HPMC capsules (Vr = 0.95 cm3), resulting in a
packing density of about 52.6 mg/mL and a drug loading of 0.84 mg/mg. Despite the large
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volume of powder, emptying of the capsule typically requires only a single inhalation by
the patient.

Patients with Parkinson’s disease take the drug on demand up to five times daily
for a maximum daily nominal dose of 420 mg (two capsules per dose) [25]. The drug is
administered with the Inbrija dry powder inhaler, a capsule-based inhaler derived from the
Turbospin aerosol engine and adapted to use a size 00 capsule. The in vitro emitted dose
is about 86% with approximately 50% of the drug delivered into the lungs (i.e., aerosol
performance ~ 0.5 mg/mg) [23,70]. This leads to a product density of about 22.1 mg/mL
and a TLD/capsule of 21.0 mg.

4. Increasing TLD and Product Density in Spray Dried Powders

The discussion that follows is not intended to be an exhaustive review of manuscripts
related to high dose delivery of inhaled therapeutics.

Here, we use specific examples to illustrate trends in the field and their impact on
the TLD and product density. For a more comprehensive review of the literature, readers
should consult the recent themed issue edited by Das, Stewart, and Tucker [72], which
contains numerous reviews of interest [19,73–79], as well as other recent reviews dedicated
to high dose delivery [80–82].

4.1. Why Not Just Formulate Neat Drug?

As suggested, there is currently a limit to the mass of powder that can be administered
in a single inhalation. Hence, there is a strong desire to maximize the TLD/mpowder. This
ratio is simply the product of the last two terms in the product density (Equation (1)). Stated
another way, there is a desire to increase the drug loading (i.e., minimize or eliminate excip-
ients including counterions and coformers) and to maximize aerosol performance in these
high dose formulations. One group has gone so far as to suggest that the improvements
in aerosol performance observed with spray-dried particles in Table 1 (TLD~40–70% of
the nominal dose) can be duplicated through improvements in device design and that
“designing and developing more powerful DPIs seems a better solution for improving
dispersion” [19]. It remains to be seen whether this can be realized with more cohesive
powders sans excipients and whether this will compromise the consistency of dose delivery
(e.g., via increases in flow rate dependence and variability associated with oropharyngeal
filtering of particles, as was observed with the neat Intal, Bronchitol, and Colobreathe
formulations) [40,66]. The product density metrics for these examples are presented in
Table 2.

Table 2. Product densities from selected research studies.

Drug Product Packing Density
(mg/mL)

Drug Loading
(mg/mg)

Aerosol Performance
(mg/mg)

Product Density
(mg/mL)

Clofazimine RS01 [83] 66.7 1.0 0.45 30.0
Tobra Form I RS00 [84] 83.3 0.95 0.53 41.9
Tobra Form 2 RS00 [84] 83.3 1.0 0.34 28.4

TobraPS RS01 [85,86] 176.5 0.91 0.65 104.4
Tobra Cyclops [87,88] 85.7 0.95 0.34 27.7

Levodopa Cyclops [89,90] 85.7 0.98 0.24 20.2
Ciprofloxacin FB-DPI [91] 192.3 0.30 0.67 38.7
Levofloxacin iSPERSE [92] 133.3 0.51 0.40 48.0

TSLP Fab T-326 [93,94] 405.4 0.50 0.73 148.1
Levofloxacin T-326 [93] 405.4 0.80 0.69 223.8

FDC R/K RS00 [95] 66.7 1.0 0.61 40.7
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It is worth noting that formulating neat crystalline drugs with a high true density
does not necessarily translate into a high packing density or tapped density [96]. Indeed,
the tapped densities achieved with neat crystalline drug powders, especially particles of
respirable size, are often similar to what is observed with spray-dried particles. This is due
to a low packing density resulting from significant porosity in the powder bed.

4.1.1. Neat Jet-Milled Clofazimine

Clofazimine is used in combination with rifampicin and dapsone in the treatment of
leprosy. There is growing evidence that the drug may also have activity in the treatment of
non-tuberculosis mycobacterial infections [97].

Brunaugh et al. [83] assessed the aerosol performance of neat jet-milled clofazimine
powder (drug loading: 1.0 mg/mg) administered with the low resistance RS01 DPI (Table 2).
The milling process resulted in a median particle diameter by laser diffraction of 1.8 µm.
Twenty milligrams of the powder was loaded into a size 3 capsule for a packing density
of 66.7 mg/mL. The aerodynamic particle size distributions were determined on a Next
Generation Impactor at pressure drops of 1 and 4 kPa, corresponding to flow rates of 47
and 93 L min−1, respectively. The fine particle dose on stages 3 to MOC (i.e., FPDS3-F) were
approximately 9.5 and 8.5 mg, respectively, suggesting that throat deposition increases
at the very high flow rates achieved with the low resistance device. The Qindex shows a
medium flow rate dependence with a value of −17.6%. For the purposes of the product
density calculation, the mean of the two FPDS3-F values was used, i.e., 9.0 mg. This
corresponds to an estimated TLD of 0.45 mg/mg. Overall, the product density was
~30.0 mg/mL, or about 50% lower than the small porous particle formulations in Table 1.

The TLD/capsule of ~9.0 mg sits comfortably in the moderate dose region where
many technology solutions exist. The advantage of jet milling is that the process is simple
and product development is also simplified by the absence of excipient. The process
depends critically on the ability to effectively mill the drug to respirable sizes and the
interparticle cohesive forces in the resulting agglomerated drug particles. As such, this
process is not universal for all drugs. The use of shell-forming excipients was introduced,
in part, to control the surface properties independent of the nature of the drug substance.

4.1.2. Tobramycin Base Formulation—1

A number of studies have been conducted with inhaled tobramycin. These studies are
motivated by the desire to reduce the daily treatment burden by increasing the product
density. As discussed, approximately 20% of the mass in the TOBI Podhaler spray-dried
particles is from the sulfuric acid used to make the sulfate salt. As such, formulation as
the free base has the potential to significantly increase the drug loading in tobramycin
formulations.

Pilcer et al. [84] utilized gamma scintigraphy to determine the TLD for two high
drug loading tobramycin free base formulations in nine patients with CF. Tobra Form
1 comprised lipid-coated crystals of tobramycin manufactured by spray drying a sus-
pension of tobramycin base in isopropanol with 5% dissolved lipids (3:1 w:w ratio of
cholesterol to Phospholipon). Tobra Form 2 was simply neat micronized tobramycin free
base. Twenty-five milligrams of each powder was filled into size 3 capsules (packing
density = 83.3 mg/mL). The capsules were loaded into an RS00 DPI. The TLDs for Tobra
Form 1 and Tobra Form 2 were 0.53 and 0.34 mg/mg, respectively. The interpatient vari-
ability in the TLD increased from 19% for Tobra Form 1 to 36% for Tobra Form 2, consistent
with previous studies where interpatient variability in the TLD decreased with increases
in TLD [48,49].

This example illustrates the potential for suspension-based spray drying to deliver
lipid-coated crystals with good aerosol performance with use of just 5% w/w lipid as a shell
former. It also further illustrates the challenges associated with neat drug formulations,
both from aerosol performance and variability in dose delivery perspectives.
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4.1.3. Tobramycin Base Formulation—2

Buttini et al. [85,86] combined a solution of tobramycin base in water with an alcoholic
solution of sodium stearate to form a 1% w/v liquid feed. The liquid feed was then spray
dried to form amorphous particles of tobramycin base coated with just 1% w/w sodium
stearate (TobraPS). Accounting for residual water in the formulation, the drug loading was
0.91 mg/mg. The dry powder was loaded into different sized capsules ranging from size 3
to size 0. The capsules were loaded into variants of the RS01 DPI modified to actuate and
deliver the different sized capsules. The data for the size 0 capsule are presented in Table 2.

One hundred twenty milligrams of TobraPS powder was loaded into a size 0 capsule
(packing density = 176.5 mg/mL). The aerosol performance of the lipid-coated particles
was comparable or slightly better than TOBI Podhaler. Owing to the use of tobramycin
base and increases in packing density, TobraPS achieved a significantly greater product
density (104.4 mg/mL) compared to TOBI Podhaler (47.1 mg/mL). This, coupled with the
use of a larger sized receptacle, enabled TobraPS to achieve a comparable TLD to TOBI
Podhaler (~70 mg) by administration of TobraPS from a single size 0 capsule. As shown
in Sections 4.3 and 4.4, this fill mass can be emptied by most CF patients in two or three
inhalations. Overall, this approach decreases the number of capsules from four to one and
the total number of inhalations from eight to two or three, a notable improvement.

4.1.4. Tobramycin Base Formulation—3

Hoppentocht et al. [87,88] spray dried neat tobramycin base from water to form an
amorphous powder. The residual water content in the drug product was not disclosed.
For the purposes of this estimate of product density, the drug loading is assumed to
be 0.95 mg/mg. Thirty milligrams of amorphous tobramycin powder was loaded into
the Cyclops single-dose cartridge (SDC) in the single-use disposable DPI. Although not
specified, it is assumed that the study was run with the standard SDC that has a 0.35 mL
volume. This results in a packing density of about 85.7 mg/mL.

Single ascending doses of 30, 60, 120, and 240 mg (requiring 1–8 devices) were admin-
istered to eight adult patients with non-CF bronchiectasis (age range from 57 to 73 years).
Local tolerability and systemic pharmacokinetics were assessed. The aerosol performance
of Tobra Cyclops was estimated from the systemic bioavailability in comparison with the
systemic bioavailability results observed for TOBI Podhaler in CF patients in a Phase 1
clinical study [98]. This estimate assumes that the pulmonary bioavailability of tobramycin
is ~100% of the TLD. According to early work on the development of an inhaled bio-
pharmaceutical classification system (iBCS), drugs that are not permeability or dissolution
limited typically have pulmonary bioavailabilities approaching 100% [99]. Indeed, the high
pulmonary bioavailability of inhaled tobramycin was demonstrated in pharmacokinetic
studies by Li and Byron [100]. In the Phase 1 study with TOBI Podhaler, a 112 mg dose was
found to be equivalent to a 300 mg dose of TOBI. The dose-normalized AUC0–12h/mg was
0.041 h mg/L. The corresponding dose-normalized AUC0–12h/mg values for Tobra Cyclops
were 0.013 (30 mg), 0.017 (60 mg), 0.019 (120 mg), and 0.022 h mg/L (240 mg). For the
two higher doses, the relative bioavailability of Tobra Cyclops is about half that observed
for TOBI Podhaler. The TLD for TOBI Podhaler was determined in the Alberta idealized
throat model (0.63 mg/mg) [52]. This leads to an estimate of the aerosol performance of
0.34 mg/mg and a product density of 27.7 mg/mL for Tobra Cyclops. The TLD/device is
~9.7 mg.

4.1.5. Levodopa Formulation Co-Milled with Force Control Agent

Another manufacturing option is to co-mill the drug substance with a force-control
agent (FCA) such as magnesium stearate, leucine, or a phospholipid under high-shear
mixing processes such as mechanofusion [101,102].

In this example, Luinstra et al. [89,90] co-milled levodopa with 2% w/w leucine. Thirty
milligrams of the coated drug particles was loaded into the Cyclops single-use disposable
DPI (packing density = 85.7 mg/mL) and the systemic pharmacokinetics (i.e., the target
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for CNS delivery) and tolerability of inhaled levodopa was assessed in eight patients
with Parkinson’s disease. The aerosol performance was calculated from the systemic
bioavailability of inhaled levodopa from the Cyclops DPI relative to results published for
Inbrija and an oral SINEMET 25–100 tablet. SINEMET 25–100 has an oral bioavailability
of 71% for levodopa at steady state [23,103,104]. Based on the bioavailability relative to
the oral control, Inbrija has a TLD of about 0.46 mg/mg. This is consistent with aerosol
performance metrics for Inbrija which suggest a TLD of about 0.50 mg/mg [69,70]. The
dose normalized bioavailability of the 30 mg dose of inhaled levodopa from the Cyclops
device is about 1.9 times lower than that of Inbrija, suggesting a TLD of about 0.24 mg/mg.
This results in a product density of ~20.2 mg/mL and a moderate TLD of ~7 mg/device.

4.1.6. Fixed Dose Combinations

Several groups have explored the development of fixed dose combinations of two or
more drugs [95,105–108]. In many of these studies the more hydrophobic drug is used as a
shell-forming material with the more hydrophilic/hygroscopic drug present in the core
of the spray dried core-shell particles [95,107]. The shell-forming drug helps to improve
the physical stability, chemical stability, and aerosol performance of the drug that is less
stable to changes in RH. For antibiotics, the two drugs may also work synergistically
to lower the dose needed for effective bacterial killing, thereby decreasing the TLD/mg
powder [105,106,108].

For example, Momin et al. [95] studied a fixed dose combination of 60% kanamycin/
40% rifampicin spray-dried from a 70/30 % v/v mixture of ethanol/water with no added ex-
cipients (drug loading = 1.0 mg/mg) (designated as FDC R/K RS00 in Table 2). Twenty mil-
ligrams of the powder was filled into a size 3 capsule (packing density = 66.7 mg/mL) and
the powder was administered with the RS00 DPI at a flow rate of 100 L/min and an inhaled
volume of 4 L. Surprisingly, the FPFS3-F differed for the two drugs, with about 0.68 mg/mg
of the shell-forming rifampicin and 0.54 mg/mg of the kanamycin deposited on S3-F. The
average of the two values was used for the aerosol performance, i.e., 0.61 mg/mg. This
resulted in a product density of 40.7 mg/mL and a TLD/capsule of ~12.2 mg (Table 2).

4.1.7. Excipients

Overall, the results presented above suggest that there are options to significantly
improve the drug loading in high dose formulations. It is clear that, as the dose increases,
a conscious attempt should be made to minimize the percentage of excipients in the
formulation. All of the examples presented provide options for moderate TLD delivery.
Spray-dried formulations containing small amounts of shell-forming excipients achieve
better aerosol performance and improved dose consistency relative to neat drug particles.

While minimizing excipients and process aids is important for high dose formula-
tions, there are many reasons to add excipients beyond improving aerosol performance.
Salts are often preferred because of their improved solubility, purity, and crytallizability
relative to neutral forms. For labile drug substances, excipients can be used to improve
the physical and chemical stability of the drug substance. We add excipients to improve
the tolerability and safety of the drug product. We add excipients to improve efficacy by
controlling pharmacokinetic/pharmacodynamic metrics. We add excipients to improve
the consistency of dosing by reducing variability associated with oropharyngeal filtering of
particles, variability associated with inspiratory flow rate, and variability associated with
coformulation effects in fixed dose combinations. In addition, yes, we add excipients to re-
duce interparticle cohesive forces, thereby enabling improvements in aerosol performance,
packing density, and targeting within the respiratory tract.

To put this in perspective, let us consider the formulations comprising tobramycin base
detailed above. From a regulatory perspective, TOBI Podhaler was filed as a 505(b)(2) NDA,
with nebulized TOBI as the reference listed drug (RLD). As such, key features of the drug
product (e.g., use of the sulfate salt of the drug substance) were maintained. This allowed
the development of TOBI Podhaler to leverage the extensive systemic and pulmonary
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safety established by TOBI in both nonclinical and clinical studies. This further enabled
TOBI Podhaler to go straight from a Phase 1 single ascending dose study in CF patients
to Phase 3. The TOBI Podhaler dose for Phase 3 was selected based on its equivalence to
TOBI in terms of systemic drug levels [98].

Tobramycin is an aminoglycoside antibiotic containing three glycosidic rings and five
primary amine groups. TOBI was formulated at pH 6.0 by the addition of sulfuric acid to
tobramycin base to provide a stable formulation. This avoided the use of preservatives
and antioxidants (e.g., phenol and sodium bisulfite) which had been demonstrated to
contribute to bronchospasm when inhaled by CF patients [6,109]. One challenge with the
use of tobramycin base is the high pH of the drug in water (pH~10). The multiple amine
groups, high dose, and twice daily administration provides the potential for significant
buffering capacity (i.e., raising concerns about altering the physiologic pH in the lungs).
The TOBI Inhalation Solution monograph suggests that nebulized liquids can be safely
administered below pH 8.7 [6]. While long-term safety studies have been conducted with
TOBI and TOBI Podhaler with the sulfate salt, the long-term safety of tobramycin base has
yet to be established and, as such, needs to be kept in mind for future life cycle product
designs.

The physicochemical stability of the formulated drug product is critical to the devel-
opment and registration of dry powder inhalation products. This is especially important
for amorphous materials which tend to have lower physical and chemical stability. While
tobramycin base can be crystallized, salts of tobramycin cannot [51]. As is expected, the sta-
bility of the amorphous phase is significantly greater for the salt forms of tobramycin with
the sulfate salt having a much higher glass transition temperature than the hydrochloride
salt or the free base (at 11.3% RH, the Tg values are 105, 72, and 63 ◦C, respectively) [51,110].
At 43% RH, the Tg of tobramycin base is equivalent to a storage temperature of 25 ◦C.
Amorphous tobramycin base presents additional physical stability challenges, crystallizing
at RH values > 53% RH [51,87].

In TOBI Podhaler, the high Tg of tobramycin sulfate and high gel to liquid crystal
phase transition temperature of the phospholipid acyl chains in the spray-dried drug
product enables room temperature stability (physical, chemical, and aerosol) over a pe-
riod of three years [14,110]. Maintaining long-term stability requires a delicate balance
of physical form, formulation/process, and packaging. The general rule of thumb is that
for long-term stability the Tg of the amorphous phase should be at least 50 ◦C above the
storage temperature [111]. For tobramycin base, the low Tg suggests that room tempera-
ture stability may be challenging, even when using laminated foil blisters with very low
water permeability. This can possibly be mitigated through refrigerated storage with very
tight packaging. Peelable blisters such as those used in single-use disposable DPIs may
not provide a sufficient moisture barrier to maintain long-term stability of amorphous
tobramycin base. Shell formers such as leucine, trileucine, and sodium stearate may be
added to reduce the instantaneous drop in aerosol performance when inhalers are operated
at high RH [112–116]. They may also slow changes in physical form and drug content on
storage.

We raise these points to reinforce the concept that there are many reasons that formu-
lators add excipients (including counterions) to formulations and that these considerations
need to be kept in mind during formulation development.

4.2. Why Not Take the Air Out?

While significant attention has been paid to maximizing drug loading and aerosol
performance in high dose products, comparatively little time has been invested in maxi-
mizing the packing density of particles in the receptacle. As discussed, the packing density
depends not only on the particle density, but also on the void spaces between particles and
details around the filling process.
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For porous particles, the aerodynamic diameter, da, is related to the geometric diameter
of the particles (dg) and the particle density (ρp) by Equation (2):

da = dg
√

ρp (2)

To achieve an equivalent aerodynamic diameter with larger sized particles, the particle
density must be decreased. Given that this relationship is proportional to the square
root of particle density, marked reductions in particle density are necessary for modest
increases in particle size. This is readily apparent for the spray-dried formulations in
Table 1. Small porous particles with dg = 1–4 µm (e.g., TOBI Podhaler, Ciprofloxacin
DPI, Aerovanc) achieve higher packing densities and product densities than large porous
particles with dg = 6–8 µm (e.g., Inbrija) owing, in part, to their greater particle densities
(Table 1). The question is whether the particle density can be increased further by reducing
particle corrugation or porosity while still maintaining acceptable powder flow and aerosol
performance.

4.2.1. Small Dense Particles

Pulmatrix, Inc. developed the iSPERSE™ technology to address this question [92,117].
iSPERSE particles comprise fine spray-dried particles (dg < 5.0 µm) with a tapped
density > 0.4 g cm−3. The increased tapped density relative to many lower density porous
particle formulations is due, in part, to the incorporation of high-density inorganic salts in
the particles. Unfortunately, little data have been published demonstrating the capability
of the technology.

In one study, Manzanedo et al. [92] studied iSPERSE powders comprising 75–90%
levofloxacin with the remainder being a 1:2 w:w mixture of leucine and sodium chloride.
For this estimate, we will use the higher drug loading of 0.9 mg/mg. A fill mass of 40 mg in
a size 3 capsule was administered with the RS01 DPI (packing density = 133.3 mg/mL). The
FPDS2-F was presented and varied between 0.39 and 0.62 mg/mg (mean = 0.51 mg/mg).
Obviously, the FPDS3-F will be less than this—let us assume 0.4 mg/mg. This yields
an approximate product density of 48.0 mg/mL which is comparable to the values for
small porous particle formulations (e.g., TOBI Podhaler, Ciprofloxacin DPI, Aerovanc)
listed in Table 1. They claim to be able to fill up to 100 mg in a size 3 capsule (packing
density = 333 mg/mL) but provide no data to support this assertion [92].

4.2.2. Coated Crystals

Another path to increasing the particle density is via spray drying of suspension-
based liquid feeds comprising crystalline drug particles [53,54,56,84]. In this process, the
crystalline particles are typically coated with a layer of shell-forming excipient. Numerous
examples of coated crystals are provided in this review, including Ciprofloxacin DPI [53,54],
ABIP [56], and Tobra Form 1 [84]. Given that the drug makes up the bulk of the spray-dried
particle and most crystalline drugs have true densities >1 g/cm3, the particle density of
particles prepared from suspension-based liquid feeds is expected to be higher. The fill
mass of crystalline Ciprofloxacin DPI is 50 mg (packing density = 135.1 mg/mL). During
dose-ranging studies, higher doses of the drug were studied but produced no added clinical
benefit [118]. Nonetheless, fill masses up to 75 mg were developed in support of these
studies (packing density = 202.7 mg/mL). This led to an increase in product density to
~69.8 mg/mL. A recent review by Weers et al. [56] provides considerations for spray drying
suspension-based liquid feeds. This includes formulation and engineering solutions that
enable maintenance of drug crystallinity irrespective of the physicochemical properties of
the drug, including its aqueous solubility [56].

4.2.3. Modifications of Packing Density

So far, the discussion has focused on modifications of particle density. Let us now
turn attention to the packing of the particles in the powder bed. For gravitationally stable
coarse particles (dg > 100 µm), close packing within the powder bed is achieved with
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spherical particles [119–121]. Any decreases in sphericity increase bed porosity and reduce
the packing density [119]. As particles become finer, increases in interparticle cohesive
forces begin to negatively impact close packing of particles [119]. In this scenario it may
be necessary to reduce cohesive forces via changes in particle morphology. These changes
not only improve particle fluidization and dispersion, but they also enable close packing
within the powder bed.

The impact of variations in surface corrugation on the packing density of fine cohesive
powders comprising an antibody fragment (Fab) was studied by Son et al. [93,94].

The degree of surface corrugation is controlled through variations in the feedstock
composition (e.g., solids loading, concentration of shell former) and by variations in the
rate of drying. This can be described conceptually in the context of the Peclet number,
a dimensionless number that describes the interplay of diffusion and evaporation in an
atomized droplet during spray drying, viz [122–126]:

Pe =
κ

D
=

evaporation rate
diffusion rate

(3)

When an atomized droplet is dried slowly, the solutes within the liquid droplet have
time to diffuse throughout the shrinking droplet. This leads to the formation of fine,
higher density particles with a smooth particle morphology (i.e., no surface roughness).
In contrast, if an atomized droplet is dried quickly relative to the diffusion rates of the
solutes, the slow-diffusing solutes become enriched on the surfaces of the drying droplets,
leading to low-density particles. Components with low solubility or high surface activity
are concentrated at the interface of the receding droplet. The resulting particles are often
hollow. Depending on the material properties of the shell, the particle may collapse upon
drying to form a lower density corrugated morphology akin to a ‘wrinkled raisin’. By
varying the Peclet number it is possible to control the degree of surface corrugation.

The process conditions and micromeritic properties of three of the anti-TSLP Fab
formulations studied by Son et al. [93,94] are summarized in Table 3. Scanning electron
microscopy images of the particles are presented in Figure 3.

Table 3. Process conditions and micromeritic properties of three formulations comprising 50% w/w
of an anti-human thymic stromal lymphopoietin (TSLP) antibody fragment (CSJ117) [93,94]. Adapted
with permission from Virginia Commonwealth University and Respiratory Drug Delivery, 2020.

Anti-TSLP Fab (CSJ117) Lot A7 Lot A1 Lot A13

Morphology Smooth spheres Dimpled spheres Corrugated particles
Trileucine (% w/w) 0 2.5 15

Solids Loading 1.0 1.0 1.0
Drying conditions a Fast Slow Fast

×50 (µm) b 1.19 1.43 1.36
×90 (µm) b 1.87 2.39 2.94

SSA (m2/g) b 6.35 6.01 14.90
Bulk density (g/cm3) 0.21 0.29 0.10

Tapped density (g/cm3) 0.34 0.57 0.15
Puck density (g/cm3) 0.38 0.64 0.28
Compressibility (inh) 10.5 10.9 46.4

a Slow drying conditions: feed rate = 2.5 mL/min; outlet temperature = 55 ◦C; airflow rate = 300 L/min. Fast
drying conditions: feed rate = 5.0 mL/min; outlet temperature = 70 ◦C; airflow rate = 600 L/min. b ×50: 50% of
the particles in the volume distribution have a primary particle size less than the ×50; ×90: 90% of the particles in
the volume distribution have a primary particle size less than the ×90; SSA: specific surface area.
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Figure 3. Scanning electron microscopy images of anti-TSLP Fab (CSJ117) particles spray dried with
increasing Peclet numbers: (a) smooth spheres with 0% trileucine (Lot A7), (b) dimpled spheres with
2.5% trileucine (Lot A1), (c) corrugated spheres with 15% trileucine (Lot A13) [93].

A modified compressibility index listed in Table 3 was defined to reflect parameters
important for inhaled drug products comprising fine drug particles. Instead of using the
poured bulk density and tapped density in the calculation, the inhaled compressibility
index uses the tapped density and the puck density. The puck density is the bulk density
measured under the compression used to form pucks during drum filling. While the
standard (Carr’s) compressibility index and Hausner ratios provide information on the
flowability of the bulk powder, these values are not reflective of the ability to fill these
particles with high accuracy and precision on drum fillers, nor are they predictive of the
resulting aerosol properties. The inhaled compressibility index provides a better metric to
assess the impact of the degree of powder compression on filling and its resultant influence
on aerosol performance [93,94]. Compressibility index values on the order of 10 indicate
low degrees of powder compression on filling while values on the order of 40 indicate a
high level of compression.

In the absence of a shell-forming excipient such as trileucine, the spray-dried anti-
body forms smooth spheres (Figure 3a). Unfortunately, a high coordination number and
packing density is not achievable with particles of this size; cohesive forces between the
particles leads to particle bridging and large void spaces within the powder bed, even on
compression to form a puck during drum filling (Figure 4). The puck density following
compression of the spherical particles during filling was just 0.38 g/cm3.

The addition of 15% trileucine as a shell former and rapid drying conditions lead to
significant increases in particle corrugation and specific surface area (SSA) for the core-shell
powder formulation (Figure 3c). From the standpoint of packing density, the increased
corrugation leads to a low particle density as the asperities on the particle surfaces prevent
close packing. As a result, the puck density for the powder bed is just 0.28 g/cm3 (Table 3).
This low puck density occurred despite the high compressibility index of this powder, i.e.,
the tapped density is significantly lower.

Introducing a small amount of corrugation within the particles (e.g., dimpling) by
processing at a low Peclet number is sufficient to reduce the interparticle cohesive forces
and improve packing within the powder bed (Figure 3b). For example, a powder with only
2.5% w/w trileucine manufactured using ‘slow’ drying conditions was able to pack more
effectively, with a puck density of 0.64 g/cm3 (Table 3).
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Figure 4. Scanning electron micrograph image of compressed spherical anti-TSLP Fab particles (Lot
A7) showing large voids in powder bed [93].

To be suitable for high dose powder delivery, a powder with an improved packing den-
sity must also empty and disperse effectively from the capsule during patient inspiration.
The low compressibility index observed for the dimpled spheres suggests that the filling
process may have an insignificant impact on powder dispersion [93,94]. For a 150 mg fill
mass in a size 2 capsule (packing density = 405.4 mg/mL), the emitted dose of the dimpled
particles was 83% after the first inhalation and 88% after the second inhalation [93,94]. The
TLD was 0.69 mg/mg after the first inhalation, increasing to 0.83 mg/mg of the emitted
dose after the second inhalation (2 L volume of air per actuation) [93,94]. This equates
to a TLD of 110 mg of the dry powder and 55 mg of anti-TLSP Fab from a single size 2
capsule. The low Peclet Fab particles have a product density of 148.1 mg/mL (Table 2),
which is about three-fold higher than is achieved by the small porous particle formulations
presented in Table 1. A dramatic increase in product density occurs despite the formulation
containing 50% excipients. The excipients include glass formers (trehalose, mannitol) and
a buffer (histidine) to stabilize the antibody physically and chemically in an amorphous
solid (glass), thereby enabling room temperature stability of the formulated drug prod-
uct. A levofloxacin formulation spray dried at low Peclet numbers with a higher drug
loading pushed the envelope even further, achieving a product density of 223.8 mg/mL
(Table 2) [93].

The significant increases in packing density and product density achieved with these
low Peclet number formulations enable delivery of high and ultrahigh TLD from a single
capsule. While most studies to date have been conducted with DPIs utilizing size 3 and size
2 capsules, the design of two DPIs have been modified to incorporate larger sized capsules.
Acorda Therapeutics modified the Turbospin device to increase the capsule size from size 2
to size 00 for the Inbrija drug product [25]. This markedly increased the receptacle volume
from 0.37 to 0.95 mL. Similarly, the design of the RS01 DPI has been modified to incorporate
size 2 and size 0 capsules from the original size 3 capsules [26,86]. The aerosol engines
driving powder dispersion in these devices remain the same.

Figure 5 displays the TLD as a function of the packing density for various sized
capsules. For the products detailed in Table 1, the product densities are less than 50 mg/mL
and they typically utilize size 2 and size 3 capsules. As such, it is clear from Figure 5 how
the TLD/capsule is limited to about 20 mg. The impact of increasing product density
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and capsule size on the TLD/capsule is readily apparent. Ultrahigh TLD greater than
100 mg can be achieved at high product densities in size 0 and size 00 capsules for product
densities greater than 160 and 110 mg/mL, respectively.

Figure 5. TLD as a function of the product density for various sized capsules.

To put the product densities observed with low Peclet number formulations in per-
spective, the TLD for the ten administered capsules in Bronchitol is about 70 mg. In
principle this could be accomplished by the inhalation of the contents of a single size 2 or
size 0 capsule. Similarly, a product density of 200 mg/mL with tobramycin would allow
for the administration of the current 70 mg TLD from a single size 2 capsule versus the
four capsules in the current drug product.

Moving to a single larger-sized capsule to administer the full dose may not only reduce
the daily treatment burden, administration time, and potential for capsule handling errors,
it may also reduce the cost of goods (capsules, packaging), improve the shelf life (less
moisture uptake in a larger dose), and reduce environmental impact (less packaging). Many
patients, especially elderly patients, or those with neuropathy, may also find handling
larger sized capsules to be easier.

Increasing the product density may also have important implications for blister-based
multidose DPIs, potentially extending the range of TLD that can be achieved in this class
of inhalers to 5–10 mg. This may enable less potent actives such as immunoglobulins,
hormones, and kinase inhibitors to be delivered in a multi-dose DPI (MD-DPI) alone or in
combination with potent asthma/COPD therapeutics.

4.3. Capsule Emptying

One concern with high dose delivery using passive DPIs is whether a patient’s inspi-
ratory effort is sufficient to effectively fluidize and disperse the powder, and whether the
inhaled volume of air is sufficient to empty powder from the capsule.

The inhaled volume required to empty the powder contents from a capsule was
determined by laser photometry [127,128]. The laser photometer generates a laser light
sheet that intersects the flow path of the emitted aerosol immediately downstream of
the inhaler mouthpiece (Figure 6A). The obscuration of the laser sheet caused by the
emitted aerosol bolus is detected by a photodetector. The photodetector’s response is linear
with obscuration and Beer’s Law is used to convert the response into a relative aerosol
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concentration. It is relative in the sense that it is not corrected for differences in scattering
intensity that result from the presence of different sized particles in the laser light path over
the period of powder emptying. The signal intensity is observed as a voltage pulse whose
width corresponds to the duration of the aerosol emission process. Simulated inspiratory
flow profiles are generated using a custom breath simulator. The breath simulator is
equipped with a computer controlled proportional solenoid valve. When the system is
connected to a vacuum source, the valve opening can be varied in a controlled manner to
mimic a patient’s inspiratory flow profile.

Figure 6. (A) Diagram of laser photometer system utilized to determine inhaled volume required
to empty powder from a DPI [127,128]. The diagram was reproduced from [127] with permission
from Elsevier, 2016; (B) Plot of a representative inspiratory flow profile and corresponding powder
emptying profile for TOBI Podhaler using the laser photometer system; (C) Plot of the inhaled volume
required to empty a fill mass for various inhaled products. DPIs included in the plot are: Asmanex®

Twisthaler®, Pulmicort® Flexhaler®, Spiriva HandiHaler, Advair® Diskus®, Onbrez Breezhaler,
indacaterol Simoon™, vardenafil AOS®, Cipro T-326, TOBI Podhaler, CSJ117 T-326 [93,127,128]. It
should be noted that the curve is dominated by capsule DPIs except at low fill masses.
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Figure 6B illustrates the typical output for the laser photometer with a simulated
inspiratory flow profile for a CF patient with the Podhaler device (Vi ~1.1 L and PIF
~66 L/min), along with the emptying profiles for four capsules containing 50 mg of
tobramycin inhalation powder. For this inspiratory flow profile, the bulk of the powder is
emptied with a single inhalation.

As the packing density increases within the same sized capsule, the inhaled volume
needed to empty the powder increases in proportion to the mass of powder in the capsule
(i.e., it is largely independent of the volume of powder) (Figure 6C).

For low dose asthma/COPD therapeutics, the inhaled volume required to empty the
powder from reservoirs, blisters, and capsules is ≤0.7 L, with the upper end of the range
being defined by capsule based DPIs with a 25 mg fill mass of lactose (Figure 6C). For the
~50 mg of powder in TOBI Podhaler, the required inhaled volume increases to about 1.1 to
1.2 L. The 150 mg fill mass for the anti-TSLP Fab in a size 2 capsule requires 3.3 L of inhaled
volume to empty. For the 145 mg fill mass in Colobreathe, the predicted inhaled volume is
~3.2 L, while a 400 mg fill mass (e.g., Bronchitol) would require a minimum inhaled volume
of 8.6 L to empty. The inhaled volume that subjects can achieve with portable dry powder
inhalers depends on many factors, some of which are detailed in the examples below.

4.4. Inhaled Volumes of Patients

Azouz et al. [129] studied inspiratory flow profiles in 88 asthma and COPD patients.
The mean inhaled volumes (Vi) were 1.10 L for pediatric asthma patients with an age of
8.8 ± 3.1 years, 1.62 L for adult asthma patients with a mean age of 48.7 ± 16.0 years,
and 1.63 L for adult COPD patients with a mean age of 66.0 ± 9.6 years. Decreases in Vi
were observed with increases in device resistance. Given that the Vi required for emptying
asthma/COPD DPIs is ≤0.7 L, only a single inhalation would be needed, even for most
pediatric patients. This is consistent with clinical practice.

Tiddens et al. [130] studied the inspiratory flow profiles of 96 patients with CF while
inhaling through a test device containing a series of flow resistors. When inhaling against
a resistance of 0.024 kPa0.5 L−1 min, 73% of children aged 6–10 years could achieve a Vi
of 1.0 L. This decreased to 30% for a Vi of 1.5 L, and only 3% could reach a Vi of 2.0 L.
For children with CF between the ages of 11–18 years, 92% could achieve a Vi of 1.0 L,
decreasing to 62% of patients for a Vi of 1.5 L, and 33% for a Vi of 2.0 L. For adults older
than age 18, 97% of patients could achieve a Vi of 1.0 L, 77% a Vi of 1.5 L, and 51% a Vi of
2.0 L. A small trend towards decreased Vi with increasing device resistance was observed.
A marked decrease in Vi was noted with decreases in FEV1. Although most patients can
achieve the ~1.2 L inhaled volume needed to empty a TOBI Podhaler capsule in a single
inhalation, some cannot. To ensure that all patients receive their dose, the TOBI Podhaler
instructions for use (IFU) call for two inhalations and subsequent inspection of the capsule
to ensure that the dose is emptied. For Colobreathe (145 mg fill mass), 3–4 inhalations
are needed by most patients to generate the 3.2 L of inhaled volume needed to empty the
capsule. For the 120 mg fill mass of TobraPS, the Vi required to empty the powder from
the size 0 capsule is about 2.7 L (i.e., 2–3 inhalations for most patients). Given that CF
patients find that inhaling the contents of four capsules with two inhalations per capsule to
be significantly more convenient and preferred relative to 15–20 min of jet nebulization, it
is likely that 2–3 inhalations from a single capsule over a period of 1–2 min will not be a
significant barrier to patient adherence. Nonetheless, factors that influence adherence with
high dose powder delivery deserve more attention.

Haynes et al. [52] reported the inspiratory flow profiles of 38 patients with CF ranging
in age from 6 to 71 years with the TOBI Podhaler device. Across all patients, inhaled
volumes ranged from 0.6 to 3.1 L. For patients in the age groups 6–10, 11–18, and >18 years,
the mean Vi values were 1.2, 1.6, and 2.1 L, respectively. Ten inhalation profiles that
spanned the range of peak inspiratory flow (PIF) and Vi were selected for assessment of
the TLD with the Alberta idealized throat model. As per the IFU, two inhalations were
taken per capsule. The measured TLD was found to be independent of PIF and Vi over
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the range of simulated inhalation profiles, indicating that two inhalations are sufficient to
achieve effective dose delivery to the lungs in most CF patients.

Luinstra et al. [89] assessed the inspiratory flow profiles of 13 adult patients with
Parkinson’s disease with a test inhaler with resistance values varying from 0.037 to
0.061 kPa0.5 L−1 min. Inhaled volumes ranged from 1.2 to 3.5 L, with mean Vi increas-
ing from about 1.8 to about 2.4 L as the device resistance decreased. It may be surprising to
learn that in the Inbrija drug product, the large volume of low-density powder is emptied
from the size 00 capsule in a single inhalation. The fill mass in Inbrija is 50 mg, suggesting
that an inhaled volume of ~1.2 L should be sufficient to empty the capsule (Figure 6C). As
described by Luinstra et al. [89], all the patients in their study achieved a Vi ≥ 1.2 L. Hence,
the concerns expressed about using low density porous particles for ‘high dose delivery’,
especially for moderate TLDs in the range from 1 to 20 mg, are unfounded [19]. Even the
high 42 mg TLD requires only two inhalations from two capsules.

Sahay et al. [131] studied the inspiratory flow profiles of 35 adult patients with pul-
monary arterial hypertension (PAH) using variants of the RS01 DPI that had resistance
values between 0.017 and 0.051 kPa0.5 L−1 min. Mean Vi values increased from 1.7 to
1.9 L as the resistance of the device decreased. With the higher resistance DPI, the mean Vi
decreased from 1.8 to 1.2 L when FEV1 values were decreased from >60% predicted to <50%
predicted. Adult patients with PAH have lower inhaled volumes than adults with asthma,
COPD, CF, or Parkinson’s disease, due in part to most PAH patients being female [131].

In summary, the inhaled volume that subjects achieve depends on many factors
including their sex, age, the nature of their disease, the severity of their disease, and the
inspiratory flow profile they achieve through the device. Most subjects inhale at only
40–80% of their maximum inspiratory pressure when using DPIs [132]. The effort that
patients provide may also have an impact on their inhaled volume. The inhaled volume
that subjects achieve is also dependent on the resistance of the DPI being utilized. For
spray-dried formulations with minimal flow rate dependence, it may be advantageous to
use a lower resistance DPI for high and ultrahigh dose delivery to minimize the number of
inhalations required to empty the capsule. Achieving high dose delivery with a minimal
number of inhalations is especially challenging in CF given the low Vi of many children.

5. Novel Devices for High Dose Delivery

At the top of the design considerations for a novel high dose DPI are the dose, treat-
ment regimen, and intended patient population (sex, age, disease). The nature of the device
may change significantly depending on whether the required TLD is moderate, high, or
ultrahigh. The inhaled volume of women and children may be significantly lower than
those of adult men, affecting the number of inhalations needed to empty a dose.

The device design must also consider the nature of the formulation. Will the powder be
crystalline or amorphous? How will the dose be packaged? How will the dose be prepared
for inhalation? How will the patient interact with the device? Additional questions to
ponder are detailed below.

Is the intent to develop a single-use disposable device that can be emptied in a
single inhalation or is the intent to develop a unit-dose device that accommodates a large
receptacle with an ultrahigh powder dose that is emptied over multiple inhalations? For
single-use disposable DPIs [133,134], the device is used once and then discarded. They
are the preferred device when the drug product is administered just a few times (e.g.,
vaccines [135] or inhaled oxytocin for the prevention of post-partum hemorrhage [136]),
when the dosing regimen calls for less frequent dosing (e.g., once weekly as in ABIP), or
when the patient is immunocompromised and there is concern about the risk of infection
when reusing the device. It has been suggested that single-use devices may also be
preferred for amorphous powder formulations as accumulation of residual amorphous
powder in the device can negatively impact device performance at elevated RH. For
two marketed amorphous drug products (i.e., TOBI Podhaler and Exubera), this issue is
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effectively mitigated via modifications to the device and by shortening the device use life
(or in the case of Exubera the transjector use life) to one week [34,137].

While single-use disposable DPIs may be suitable for the delivery of moderate doses
in a single inhalation, questions remain regarding their utility in high dose chronic appli-
cations that may require many devices per day. To be successful in high dose delivery,
the TLD/receptacle would need to be much greater than can be achieved with unit dose
capsule DPIs with size 2 or 3 capsules. Otherwise, one is simply swapping a capsule for a
device, which makes little sense.

For a device with a large volume receptacle, the critical question is, from a human-
factors perspective, how many inhalations are reasonable before patients become nonad-
herent? Inhaling multiple times off the same receptacle may also lead to a more central
deposition in the lungs as there will be no ‘chase’ air at the end of the inhalation to drive
the powder peripherally. Is this acceptable for your drug product? Can the design help
to minimize the inhaled volume needed to deliver the dose without negatively impacting
powder dispersion and tolerability?

What will be the optimal device resistance be? As the device resistance increases, the
inhaled volume that subjects achieve will tend to decrease. This can negatively impact
the number of inhalations required to empty a large-volume receptacle. Alternatively, low
resistance devices where subjects inhale at about 100 L/min may lead to increases in throat
deposition for some formulations, thereby reducing aerosol performance and increasing
variability.

With this as background, let us explore some of the new high dose device options.
Comprehensive reviews of this topic are available [78].

5.1. Twincer® and Cyclops® DPIs

The Twincer and Cyclops are single-use disposable DPIs that use air classifiers to
increase inertial forces acting on the powder to aid in powder dispersion [19,87,138]. The
Cyclops DPI is about the size of a ~0.5 cm stack of credit cards. Powder formulations
also include coarse lactose ‘sweeper’ crystals to increase the emitted dose by removing
powder adhered to the walls of the device. The crystals are retained in the device and
not inhaled by the subject. The intent with these devices is to maximize the TLD/mg
powder by administering neat drug or formulations with minimal amounts of excipient
and delivering these formulations with high efficiency to the lungs.

Both devices use a pre-loaded single-use cartridge with a peelable lidding foil. Deliv-
ery is simple and intuitive. After the foil strip is removed, the user inhales once, holds their
breath for 5–10 s, and then discards the used device. Consistent with unit dose DPIs that
employ a size 2 capsule, most subjects can empty and disperse up to ~50 mg fill mass from
a standard single-dose cartridge (0.35 mL) in a single inhalation.

The inhaled volume required to empty approximately 50 mg of powder from a stan-
dard single-dose cartridge (0.35 mL) depends on the nature of the material and the flow
rate/pressure drop attained by the inhalation maneuver. For the aminoglycoside amikacin,
the complete dose is dispersed in about 1.0 L of inhaled volume at 6 and 4 kPa, and with
about 1.5 L at a 2 kPa pressure drop [139]. These results are comparable to the ~1.2 L of
inhaled volume required to empty a capsule of comparable volume in TOBI Podhaler.

For a 55 mg fill mass of isoniazid in the standard single dose cartridge (SDC), the drug
emptied with a lower Vi of 0.23 to 0.33 L [140]. A larger (0.52 mL) SDC is also available.
Sibum et al. [139] were able to achieve a fill mass of 150 mg of isoniazid by hand filling the
entire SDC volume with drum-filled pucks (packing density = 288.5 mg/mL). The inhaled
volume required to empty the powder was 0.38 to 0.43 L, significantly less than is reported
to date for capsule inhalers.

Based on non-compendial laser diffraction testing in the absence of a throat, it was
claimed that these devices achieve high fine particle fractions and low throat deposition
in vivo [87,89]. Pharmacokinetic studies with tobramycin in bronchiectasis patients [88]
and levodopa in Parkinson’s patients [90] suggest that lung delivery may be significantly
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less than suggested by these in vitro measurements. The dose-normalized systemic Cmax
and AUC values observed with the Cyclops-based products are approximately two-fold
lower than is observed with TOBI Podhaler and Inbrija (Section 4.1). These results suggest
that lung delivery from the Cyclops is on the order of 25–35% of the nominal dose, which is
consistent with the marketed Novolizer® and Genuair® DPIs that incorporate air classifier
technologies [140,141]. Hence, while the Cyclops device is suitable for moderate dose
delivery, it may have limited potential for chronic high dose delivery unless significant
improvements in aerosol performance are achieved.

To put this in perspective, achieving equivalent delivery of levodopa as the Inbrija
drug product (i.e., a TLD of 40 mg up to five times daily) with the clinical 30 mg Cy-
clops device would require approximately 900 devices/month ((6 devices/dose)(up to
5 doses/day)(30 days/month)) (Table 1, Table 2). For a 0.5 cm device thickness, this equates
to a stack of devices 4.5 m high. Of course, the performance of the drug/device combina-
tion product could be optimized to decrease the number of required devices. However,
even if the device delivered the entire 40 mg TLD in one inhalation from a single device,
up to 150 devices would still be required per month. In our opinion, this type of chronic
multidose/day high TLD product is not a practical application for the Cyclops technology.
Additional work is needed to see if spray-dried formulations with high packing densi-
ties may enable significant increases in the dose loaded into a cartridge, in line with the
isoniazid data pointed out above.

5.2. Orbital® DPI

In contrast, the Orbital multi-breath DPI contains a large-volume cylindrical puck
that has been demonstrated to encapsulate up to 400 mg of powder [27,142]. As such,
it represents a step change in the mass of powder present in the receptacle compared to
capsule based DPIs, providing a potential device solution for ultrahigh dose delivery.

To date, in vitro emptying studies have been conducted using an inhaled volume of
4 L. For mannitol-containing formulations, the emptying was independent of the fill mass,
demonstrating a curious emptying profile where each inhalation decreases the mass of
powder within the puck by about half, enabling emitted doses greater than 90% in about
four ‘shots’.

In another study, Zhu et al. [142] demonstrated that emptying of tobramycin powder
from the puck could be controlled by varying the diameter and number of holes in the
puck. They selected a geometry that enabled a comparable dose of tobramycin to TOBI
Podhaler to be delivered in four shots without the need to use multiple capsules (Vi = 16 L).
The challenge with these emptying studies is that the 4 L inhaled volume is significantly
larger than what CF patients can achieve (Section 4.4). Additional work is needed to better
understand the hole size and number of holes required for optimal emptying with realistic
inhaled volumes. The optimal emptying rate must also consider its impact on tolerability
and powder dispersion. High emptying rates may lead to incomplete powder dispersion.
This is true not only for the Orbital device, but for all large-volume receptacles, including
the FB-DPI dosing sphere, and large volume capsules.

5.3. FB-DPI

The team at Virginia Commonwealth University have developed several novel DPIs
including a fluidized bed high dose DPI (FB-DPI) [91]. In an early iteration of the device,
drug product is loaded into a large-volume dosing sphere with a 10 mm inner diameter and
four 0.5 mm holes. This equates to a receptacle volume of ~0.52 mL. The dosing sphere is
placed within a bed of about sixty 4.76 mm PTFE mixing beads. When air is drawn through
the device, the mixing beads fluidize, facilitating emptying and dispersion of powder from
the dosing sphere. The powder then passes through a grid to provide secondary dispersion
on the way to the patient. The FB-DPI is currently used in conjunction with VCU’s highly
efficient excipient enhanced growth (EEG) formulation technologies [143]. In one study,
Farkas et al. [91] loaded 100 mg of a ciprofloxacin EEG formulation containing mannitol,
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leucine, and poloxamer 188 into the dosing sphere (drug loading = ~0.30 mg/mg, packing
density = 192.3 mg/mL) (Table 2). To assess aerosol performance, the flow rate was set
at 60 L/min (4 kPa pressure drop), the inhaled volume at 4 L, and four inhalations were
taken (Vi = 16 L). This resulted in an emitted dose of 71.4% and an FPF<5 µm of 93.3% of the
emitted dose. Given the flow rate, this is also a close approximation of FPFS3-F. This leads
to aerosol performance of 0.67 mg/mg and a product density of 38.7 mg/mL. The TLD of
ciprofloxacin was about 20 mg/dosing sphere. This is comparable to what was achieved
with Ciprofloxacin DPI from a size 2 capsule with an inhaled volume of 1.3 L (Table 1).

6. Maximizing Safety and Tolerability at High Doses

Irritation or inflammation in the respiratory tract following pulmonary administration
of inhaled therapeutics and excipients can cause treatment-emergent adverse events includ-
ing bronchospasm, dyspnea, oropharyngeal pain, hoarseness, voice alteration, dysgeusia,
wheezing, and cough. Adverse events are an important consideration in the development
of inhaled therapeutics as they can result in poor adherence, discontinuation, and, ulti-
mately, failure of treatment. Post-inhalation cough is the most reported adverse event for
high dose delivery. Two recent reviews provide significant detail on post-inhalation cough
with therapeutic aerosols [12,144].

Increases in the mass of drug and excipient deposited on epithelial lining fluid (ELF)
can increase irritation and inflammation, irrespective of whether the drug is administered
as a dry powder or a liquid aerosol. Nonetheless, there remains a bias that inhaled powders
are inherently less tolerable than nebulized liquids.

Delivery of high doses of dry powder to the respiratory tract does not necessarily
result in a direct irritant effect on the respiratory epithelium [12]. The nature of the material
deposited in ELF matters. For example, lactose blends contain between about 12.5 and
25 mg of lactose. Most of the lactose is deposited near cough receptors in the upper respi-
ratory tract. Yet this material does not cause airway irritation. Instead, drug or excipient
materials that change osmolality, pH, or ion composition of ELF may activate release of
leukotrienes and prostaglandins and cause local inflammation [12,144]. The magnitude of
the effect may be potentiated by pulmonary disease and underlying inflammation in the
lungs, especially for drugs with tussive potential.

Lung irritation, including cough, is impacted by the nature of the formulation. Cough
may be elevated for salt forms of drugs with pKa values less than 7.0 due to dispropor-
tionation of the salt in the ELF to form the free base and corresponding acid [12]. This can
also occur with acidic drugs, disproportionating to the acid and corresponding base. The
lower the pKa of the acid used to make the salt, the greater the proton ion concentration on
the epithelium, and the greater the irritant effect. The impact of salt disproportionation
may be mitigated by using a neutral form of the drug, through the use of a cocrystal or by
forming salts from acids with higher pKa values [12]. This was demonstrated with inhaled
bronchodilator, indacaterol, where a switch from the maleate salt (pKa = 1.85) to the acetate
salt (pKa = 4.75) significantly reduced the incidence of post-inhalation cough [12,145,146].

There is also a dose-dependent increase in airway irritation that is related to changes
in osmolality via administration of ionizable species (e.g., salts) to ELF (Figure 7).

226



Pharmaceutics 2021, 13, 1528

Figure 7. Impact of increases in nominal dose on the incidence of post-inhalation cough. The results
are also presented with respect to the various delivery systems (square: nebulizers and soft mist
inhalers (SMIs); circle: pressurized metered dose inhalers (pMDIs); triangle: dry powder inhalers
(DPIs)). Reproduced with permission from [12]. Copyright Elsevier, 2020.

Post-inhalation cough increases markedly when the nominal dose of ionizable drugs
exceeds about 10 mg [12]. For example, tobramycin contains five primary amine groups that
can be protonated. When deposited in ELF, tobramycin sulfate produces a high osmolality
in the vicinity of dissolving particles [12]. This is potentiated by the fact that cough receptors
are enriched at bifurcations and other points where aerosols tend to accumulate [147]. In
inhaled tobramycin, post-inhalation cough is generally mild to moderate in intensity and
decreases with use. The intensity of the cough may be reduced by inhaling at lower flow
rates. The cough threshold is lower in pediatrics than in adults.

In contrast to the high degree of cough observed with tobramycin sulfate, inhalation
of the zwitterionic form of ciprofloxacin at neutral pH, at a comparable powder mass
and with the same excipients, leads to minimal cough and airway irritation [12,54]. This
is presumably due to the low osmolality of the poorly soluble neutral form of the drug
in ELF [12,54]. Airway irritation can be mitigated by utilizing neutral forms of drugs,
cocrystals instead of salts, and poorly soluble excipients [12]. For inhaled antibiotics,
utilizing the poorly soluble neutral form of a molecule may have further utility due to its
slow clearance from the lungs. This provides improved pulmonary targeting leading to
improved pharmacokinetic/pharmacodynamic metrics (e.g., the ratio of AUC/MIC) and
bacterial killing efficiency [54,148,149].

One concern with the use of poorly soluble drugs and excipients is that the presence
of undissolved particulate matter in the lungs may result in adverse lung changes through
a process of macrophage recruitment and stimulation with secondary lung damage and
fibrosis [150]. However, there are examples from Table 1 where poorly soluble drug par-
ticles that are slowly cleared have no significant adverse effects in long-term nonclinical
toxicology studies (e.g., ABIP, Ciprofloxacin DPI), and in long-term Phase 3 clinical stud-
ies [151,152]. Clearly, more studies are needed to better understand the link between slow
particle clearance and adverse effects.
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7. Conclusions

• Emptying of powder from capsules is highly dependent on the fill mass and less so on
the fill volume. Most subjects can inhale approximately 40–50 mg of powder from a
capsule in a single inhalation (requires ~1 L of inhaled volume).

• To date, the highest TLD/receptacle that can be emptied in a single inhalation for
a marketed product is ~20 mg. This was achieved with Inbrija, a low density large
porous particle formulation. This defines the upper limit for moderate TLDs (moder-
ate TLD range is from 1 to 20 mg).

• For efficient high dose delivery (TLD = 20–100 mg), it is advantageous to maximize
the TLD/mpowder. Maximizing dose delivery within this mass of powder requires
achieving as high a TLD as possible with as little excipient as possible. The best spray-
drying options to achieve this goal are: (1) lipid coated crystals prepared by spray
drying suspension-based liquid feeds with ≤5% lipid excipient, and (2) core-shell
particles prepared by spray drying a solution of drug and ≤5% of a shell forming
excipient (e.g., trileucine) at low Peclet numbers.

• The mass of powder loaded into a given sized receptacle can be increased via increases
in the packing density. This can be achieved to a high degree with the low Peclet
core-shell particles noted above.

• For high dose delivery, target TLD values can be achieved from a single larger sized
capsule with multiple inhalations needed to empty the capsule. The required inhaled
volume is proportional to the mass of powder in the capsule. A 150 mg fill mass
requires about 3.25 L of inhaled volume to empty (i.e., approximately three inhalations
or less for most subjects). This enables a TLD of 80–100 mg from a single size 2
capsule.

• Ultrahigh doses (TLD > 100 mg) require large receptacles (e.g., size 0 or size 00
capsules) or novel DPIs (e.g., the large volume cylindrical puck in the Orbital DPI or
the dosing sphere in the FB-DPI).

• It is critical to better understand how the size and number of holes in larger sized
receptacles impact powder emptying. Further, it is critical that these emptying studies
be conducted with realistic patient breathing profiles, as opposed to the standard 4 L
inhaled volumes typically used in aerosol testing.

• Evidence established to date suggests that high doses of neat drug particles (sans
excipient) have significantly decreased aerosol performance and poor dose consistency.
The addition of small amounts of shell forming excipient is necessary to improve
aerosol performance, packing density, dose consistency, and, ultimately, product
density.

• The inhalation of large doses of powder does not lead to increases in local irritation in
the lungs. It depends on the nature of the powder inhaled.

• While significant progress has been made in increasing the dose of powder that can be
delivered from a portable DPI, we have limited understanding of the practical limits
of high dose powder delivery both from a tolerability perspective, but also from a
patient adherence perspective. How many inhalations are practical and at what point
is a liquid nebulizer or possibly a powder nebulizer a better solution?

• Overall, ultrahigh doses of drug (>100 mg) can be deposited in the lungs with a
portable DPI in three to four inhalations when using a device with a receptacle volume
greater than 0.6 mL and spray-dried porous particles with a high packing density
greater than 150 mg/mL.
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Abstract: Pulmonary mold infections are life-threatening diseases with high morbi-mortalities. Treat-
ment is based on systemic antifungal agents belonging to the families of polyenes (amphotericin B)
and triazoles. Despite this treatment, mortality remains high and the doses of systemic antifungals
cannot be increased as they often lead to toxicity. The pulmonary aerosolization of antifungal agents
can theoretically increase their concentration at the infectious site, which could improve their efficacy
while limiting their systemic exposure and toxicity. However, clinical experience is poor and thus
inhaled agent utilization remains unclear in term of indications, drugs, and devices. This compre-
hensive literature review aims to describe the pharmacokinetic behavior and the efficacy of inhaled
antifungal drugs as prophylaxes and curative treatments both in animal models and humans.

Keywords: antifungal drugs; aerosol; invasive fungal disease; animal model; antifungal prophylaxis

1. Introduction

Bronchopulmonary invasive mold infections (IMI) are a major cause of mortality in
immunocompromised patients such as transplant recipients and hematological patients
with high-risk neutropenia [1,2]. Three main systemic antifungal classes are used to treat
invasive fungal diseases. Systemic triazoles (posaconazole, itraconazole, voriconazole,
isavuconazole) and polyenes (amphotericin B (AmB)) are the classes of choice for pro-
phylaxis and treatment, but they suffer from drug-drug interactions and toxicity, while
echinocandins are poorly active against molds [3].

Aerosols are an interesting route of administration, theoretically limiting systemic
toxicity while ensuring high concentrations at the site of infection [4]. However, due to their
physiochemical properties and pharmacokinetic characteristics, some antifungal agents
are not good candidates for nebulization and should preferably be delivered intravenously.
For example, AmB, which has a high molecular weight and a low permeability across
biological membranes, is attractive for delivery by nebulization. Triazoles, which have a
high permeability across the respiratory barrier, are less attractive to inhale as a solution,
since a low residence time in the lungs is obtained. Molecules with a high respiratory
barrier permeability need to be delivered as solid particles with a slow dissolution/release
rate, or as advanced formulations that can control permeability to increase their residence
time in the lungs after inhalation [5].
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Although in some cases inhaled antifungals may be appropriate, clinical experience
is still poor and leads to difficulties in their use by physicians. Indeed, the associated
indications, materials used for nebulization, and suitable regimens remain unclear. In an
effort to facilitate the use of inhaled antifungals, we performed a comprehensive review of
their use as prophylaxes and curative treatments of pulmonary IMI in animal models and
clinical cases.

2. Materials and Methods

Using PubMed Medline, we searched for articles in English and French that included
at least one of the following groups: animal model, rat, mouse, and human. The search
query used the following list of keywords: fungi, aerosol, antifungal drug, nebulized,
aerosolized, aerosol, inhaled, fluconazole, flucytosine, 5-fluorocytosine, micafungin, caspo-
fungin, echinocandin, isavuconazole, itraconazole, voriconazole, posaconazole, and am-
photericin B. Articles of interest cited by the articles found were also reviewed. We included
articles published from 1950. Only invasive mold infections were included in the analysis;
data from the treatment of chronic or allergic bronchopulmonary aspergillosis (ABPA),
fungal colonization, and severe asthma with fungal sensitization (SAFS) were excluded.
Infections due to Pneumocystis jirovecii, yeasts, and dimorphic fungi were excluded. This
search was updated on 31 December 2021.

3. Results
3.1. Selection Criteria for Choosing an Inhaler for Pulmonary Administration of Antifungals

Based on the dosing capacity of each existing technology, only dry powder inhalers
(DPIs) and nebulizers are capable of delivering the high dose (usually more than 10 mg)
needed to treat pulmonary fungal infections. Nebulizers can deliver several hundred
milligrams of a drug to the lungs depending on the drug solubility and the tolerability
of long nebulization times [6]. They can be used to deliver solutions or suspensions such
as liposomal suspensions of AmB. The efficacy of nebulized antifungals to treat lung
infections depends on the total amount of drug reaching the lungs and where the droplets
deposit in the lungs. As IMIs are generally spread throughout the lungs, it is important
to obtain sufficiently high antifungal agent concentrations all over the pulmonary tree.
Liquid droplet deposition in the lungs is controlled by three main factors: airway geometry,
aerodynamic particle size, and inhaled flow rate. The aerodynamic size distribution of the
droplets emitted by the nebulizer is usually described by the mass median aerodynamic
diameter (MMAD) and the geometric standard deviation (GSD). The MMAD refers to the
diameter of the droplets above and below which 50% of the mass of drug is contained. The
GSD indicates the magnitude of dispersity from the MMAD value. In general, aerosols
with an MMAD between 1 and 5 µm are considered respirable [7]. These droplets are large
enough to avoid elimination during exhalation and small enough to avoid deposition in the
oropharynx [8–10]. More precisely, particles with an MMAD between 2 and 5 µm impact
the upper or central airways, while particles with an MMAD of 1–2-µm deposit in the
respiratory alveolar zone or peripheral airways [10,11]. Thus, the MMAD is an important
parameter when choosing a nebulizer, as it allows estimation of where in the lungs the
aerosol should deposit.

There are different types of nebulizers (jet nebulizers, high-frequency nebulizers often
termed ultrasonic nebulizers such as vibrating mesh nebulizers, and colliding liquid jet neb-
ulizers), which have different aerosol generation mechanisms and allow different aerosol
output rates [12]. The most common nebulizers found in hospitals to treat spontaneously
breathing patients are jet nebulizers, and they have been the most used in studies reporting
the inhalation of antifungals [12,13]. These nebulizers use compressed air or oxygen to
generate a polydispersed aerosol, with only about 5% of the aerosol being respirable, the
remainder being returned to the reservoir containing the solution/suspension. In some
cases, helium/oxygen (heliox) mixtures are used to reduce the resistance of the patient’s
airway and, hypothetically, deliver more aerosol to obstructed airways [12]. The patient

236



Pharmaceutics 2022, 14, 641

inhales the aerosol while tidal breathing from a reservoir through a mouthpiece or face
mask. Hence, no specific inhalation maneuver is required. During mechanical ventila-
tion, nebulizers can be connected to the inspiratory limb of the ventilator circuit, and the
antifungal can be administered continuously or only during inspiration. In these cases,
ultrasonic vibrating mesh nebulizers are attractive. They do not require compressed gas but
use a high-frequency vibrating membrane filled with micrometer-sized holes to produce
droplets. There is virtually no additional gas flow output from the nebulizer to interfere
with ventilator operation [12].

Among the most commonly used jet nebulizers, there is a change in MMAD from
6.8 µm to 2.5 µm in standard use [14]. For example, Roth et al. tested three different jet neb-
ulizers loaded with an AmB solution at 10 mg/mL, with droplets with an MMAD between
2 and 3 µm: Respirgard II® (Marquest Inc., Englewood, CO, USA), Cirrus® (Intersurgical,
Wokingham, United Kingdom), and Pari IS-2® (Pari-Werk, Starnberg, Germany) [15]. Jet
nebulizers seem to generate particles of optimal MMAD compared to ultrasonic nebulizers.
Beyer et al. demonstrated that various jet nebulizers generate AmB-loaded droplets with
an MMAD of 3 to 5 µm, whereas aerosols generated by ultrasonic nebulizers contained
larger droplets (MMAD > 5 µm) [8].

Besides the MMAD, other parameters such as the fine particle fraction (FPF) and
the respirable delivered dose (RDD) can influence the choice of nebulizer. The FPF is the
percentage of the aerosol with an MMAD between 1 and 5 µm that deposits in the lungs.
For commonly used jet nebulizers, the FPF can vary from 80% to less than 40% depending
on the jet nebulizer used [14]. Additionally, pulmonary doses of antifungals reaching the
lungs may vary by a factor of two when comparing different nebulizers [12,16]. The RDD
is calculated by multiplying the total aerosol output by the FPF, and represents the amount
(mg) of respirable aerosol deposited in the lungs. When administering high doses of an
aerosol, as with antifungal agents, optimizing the nebulization time may be essential to
improving patient adherence to treatment. At first glance, we might consider increasing
the output rate of the nebulizer to reduce the nebulization time. However, increasing the
nebulizer output rate also increases the MMAD of the droplets and reduces the FPF, thereby
reducing the rate of deposition of respirable aerosol [14]. For jet nebulizers, the general
recommended drug solution volume is 4 to 6 mL, at a flow rate of 8 L/min [10]. In this
condition, the administration lasts 10 to 20 min in clinical studies [4,17,18]. Among jet
nebulizers, the breath-enhanced nebulizer system allows better drug delivery than the
standard system [10].

Aerosol therapy with DPIs has gained attention in the last decade, mainly due to their
ability to deliver large doses (up to 10 mg) of a drug quickly (in one puff), and due to
the increased chemical stability of active molecules in a dry powder form compared to
solutions. Therefore, most antibiotics approved for pulmonary inhalation are now available
or under development in a dry powder form [19]. Because of the increased efficacy of
aerosolized antibiotic delivery by DPIs compared to nebulizers, a much lower total dose
(two to six times) is required with DPIs to achieve similar lung exposure [19]. DPIs are
actuated and driven by the patient’s inspiratory flow and a powerful, deep inhalation by
the DPI is required to disaggregate the powder formulation into respirable particles as
efficiently as possible in order to ensure that the drug is delivered to the lungs. Therefore,
powder engineering is mandatory to achieve effective aerosolization, and the off-label tests
that have been used clinically to nebulize antifungal molecules from solutions intended for
IV administration cannot be performed with antifungal powders which are not intended
for inhalation. This has limited the clinical data available on the DPI of antifungal agents.

Highlights (criteria for choosing an inhaler):

• Dry powder inhalers (DPIs) and nebulizers are used to deliver antifungal agents;
• Solutions or suspensions of antifungal agents can be nebulized with nebulizers while

DPIs are used to nebulize powder;
• Jet nebulizers seem to generate optimal particles compared to other nebulizers;

237



Pharmaceutics 2022, 14, 641

• Jet nebulizers use compressed gas to generate polydispersed aerosols which are in-
haled by the patient through a mouthpiece or face mask. Nebulizers can be connected
to the inspiratory limb of the ventilator circuit during mechanical ventilation;

• Mesh nebulizers are also widely used during mechanical ventilation.

3.2. Amphotericin B

Amphotericin B (AmB) is a broad-spectrum antifungal agent from the polyene family [20].
Several pharmaceutical forms of AmB exist: the historic deoxycholate formulation (AmBd),
and various formulations using lipid compounds developed with the aim of limiting the
nephrotoxicity of AmB. Three lipid formulations are approved by the United States Food
and Drug Administration (FDA, Silver Spring, MD, USA) and the European Medicines
Agency (EMA, Amsterdam, the Netherlands), and are commercially available in several
countries: liposomal AmB (L-AmB), amphotericin B lipid complex (ABLC), and ampho-
tericin B colloidal dispersion (ABCD). The antifungal effects of AmB in the lung are dose-
and concentration-dependent [21,22], although AmB pulmonary diffusion is low when
administered systemically [23]. Given its relatively high molecular weight (924 g/mol)
and low-lipophilic properties represented by a LogD of −2.8 at pH 7.4 [23], AmB should
have a long residence time in the lungs after nebulization. AmB is thus a good candi-
date for inhalation and was administered to humans by nebulization of various liquid
formulations [24]. However, most of the clinical studies were performed using liquid
AmB formulations designed for parenteral administration that have been repurposed for
nebulization and used off-label to treat lower airway infections; additionally, the optimal
drug dosing often remains undefined. New formulations of AmB have been recently
developed for administration by DPI but in vivo studies have not been performed on these
formulations [25,26].

The pharmacodynamics of L-AmB is poorly understood due to its complex pharma-
cokinetics [27,28]. Indeed, several measurements can be conducted: total AmB, protein
bound drug, liposome associated drug, and freely circulating drug. Classically, total con-
centrations of AmB in both plasma and tissues are measured; however, only free AmB will
be active. Consequently, the pharmacokinetic data obtained from L-AmB inhalation are dif-
ficult to analyze. The pharmacokinetics of AmBd is better understood due to the absence of
liposomes. In this context, most authors refer to the minimal inhibitory concentration (MIC)
to assess the efficacy of AmB in the alveolar compartments, although this is questionable
due to the dose- and concentration-dependent behavior of AmB [29].

3.2.1. Pharmacokinetics

In Animal Models
The pharmacokinetics of nebulized AmBd (n-AmBd) have been assessed in a non-

infected rat model and compared to those of intraperitoneal (IP) injections [30]. Non-
immunosuppressed rats were exposed to n-AmBd by jet nebulizer (air flow 8 L/min;
drug solution 0.3 L/min). AmBd was efficiently delivered to the lungs while limiting
accumulation in other organs. After n-AmBd nebulization of 1.6 mg/kg, concentrations
were undetectable (<0.1 µg/g) in the serum, spleen, liver, kidney, and brain. Elimination
from the lungs was progressive with a half-time elimination of 4.8 days after 3.2 mg/kg
of n-AmBd. The maximal dose tolerated through nebulization by rats without toxicity
was 60 mg/kg as determined by microscopic organ examination and animal behavior.
n-AmBd pharmacokinetics have also been evaluated in a sheep model [31]. AmBd has
been nebulized in animals using an ultrasonic nebulizer connected to an endotracheal
tube. The drug concentration was measured in the bronchoalveolar fluid (BALF). However,
the authors did not calculate the epithelial lining fluid (ELF) concentration. The peak
concentration was achieved after 0.5 h in the BALF, and a slow decrease in the concentration
was observed over 24 h. The peak concentrations were identical with two different doses:
5 mg and 30 mg, showing that the peak concentration of AmB in the bronchi was not
directly proportional to the dose, while the area under the curve in BALF was superior with
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the higher dose. These data indicate that n-AmBd may reduce the systemic toxicity due
to its very low systemic passage and high concentration in the lungs. Moreover, its long
half-life allows several days of interval between administrations [8,32]. The distribution
in the organs of nebulized L-AmB (n-L-AmB) was studied in male BALB/c 30 g mice [33].
After 1 h of nebulization of different formulations of L-AmB (8.56 to 20.03 mg of AmB) with
a nose-only Collison nebulizer, L-AmB was not detected in serum at any point in time.

To find the best candidate formulation for nebulization, various formulations of AmB
have been tested in similar models with divergent results. Several authors have shown
that the distribution between different formulations is similar. The aerosol delivery of
AmBd and L-AmB have been compared in vivo in rats [34]. The authors demonstrated
that both formulations were well delivered in lungs with low systemic exposure. Both
formulations led to physicochemical characteristics suitable for nebulization with the same
delivered dose. In addition, liposomes are physically stable enough to be nebulized. In
another naive rat model, four nebulized commercial formulations of AmB (AmBd, L-AmB,
ABLC, and ABCD) were compared [35]. The distribution in the lungs after nebulization
was identical whatever the formulation, and AmB was detectable after six weeks in lungs,
but undetectable in serum. On the other hand, other studies have shown that L-AmB or
ABLC were better candidates for nebulization with higher lung retention than AmBd. In a
murine model comparing n-AmBd and n-L-AmB, the drug concentration in the lungs was
8.6 times higher with n-L-AmB [36]. In a rat model of invasive pulmonary aspergillosis, the
concentration of nebulized ABLC (n-ABLC) was higher and more prolonged than that of
n-AmBd in the lungs one day and seven days after treatment [37]. Moreover, n-L-AmB had
no effect on surfactant function, while n-AmBd inhibited its activity [38,39]. Deoxycholic
acid alone inhibited surfactant surface activity and perturbed lipid organization. Therefore,
the authors proposed L-AmB as a better formulation for nebulization [39].

New formulations of AmB were developed to be used through nebulization. For
example, AmB liposomes coated with alveolar macrophage-specific ligands led to a high
lung concentration and a low plasma concentration in rats [40,41]. Another formulation of n-
AmB using sodium deoxycholate sulfate was tested in rats [42]. Compared to n-AmBd, this
formulation was less toxic for the organs, as assessed by histopathology, and provided the
highest lung and plasma concentrations. Other authors have developed polymeric and lipid
nanoparticles of AmB via a spray-drying technique using hydroxypropylmethycellulose
and stearylamine with oleic acid [43]. This technique led to alveolar drug delivery for a
long period (30–35 h).

In Human
In lung transplant recipients, IMIs are responsible for tracheobronchitis, bronchial

anastomosis necrosis, pneumonia, and disseminated infections [44]. Aspergillus spp. are
the most frequent fungi retrieved from the lungs of these patients. Antifungal drugs are
used as prophylaxis after transplantation, and the regular control of transplant anastomosis
is performed through bronchoscopy. It is thus easier to implement clinical studies using
broncho-alveolar lavage (BAL) in this particular population. AmBd concentrations were
measured in the bronchial secretion aspirate and BAL fluid (BALF) of 39 lung transplant
recipients up to 24 h after one nebulization of 6 mg/d of AmBd, for a minimum of seven
days [45]. The mean concentration in BALF was 11 µg/mL. The drug concentration in the
ELF was calculated assuming that 1% of the recovered BALF corresponded to the volume
of ELF. The concentration of AmB necessary to prevent Aspergillus is not known but the
MIC of most of Aspergillus species is above 1 µg/mL. However, in the most proximal zone
where bronchial anastomosis is located, this concentration is achieved only during the
initial hours after nebulization. The proposed dosing regimen to better prevent Aspergillus
infection of the bronchial anastomosis is thus 6 mg every 8 h during the early weeks
post-transplantation [4].

Nebulized lipid formulations of AmB offer higher concentrations [23], a longer half-
life, and a longer persistence in the BALF than n-AmBd, enhancing lung penetration [9].
L-AmB reaches different lung compartments after nebulization. The highest concentration
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was found in the alveolar compartment (24.5 ± 3.1% of total AmB introduced in the
nebulizer), followed by the bronchial compartment (11.6 ± 1.3%) [46]. In two different
studies in lung transplant patients, the administration of nebulized ABLC 1 mg/kg/day or
L-AmB 25 mg/day resulted in high enough AmB concentrations in the ELF or BALF for
Aspergillus spp. prophylaxis up to 7 to 14 days after the last inhaled dose [47,48]. In another
study, technetium-labelled ABLC was administered using an AeroEclipse (Amherst, NY,
USA) nebulizer in 12 lung transplant recipients. About 17 to 20% of the dose was deposited
in the lungs. The evaluation of the size of the nebulized particles revealed a similar size
to that of the Aspergillus conidia, and therefore, suggested a similar distribution in the
tracheobronchial tract [16]. AmB concentrations of 0.50 ± 0.31 µg/mL were obtained in
the ELF of eight lung transplant recipients in the 30 to 60 min following completion of the
nebulization of 30 mg AmBd (5 mg/mL in 15–20 min). These concentrations are equal to
the MIC of most Aspergillus species (i.e., 0.5 mg/L) [1].

Numerous studies have demonstrated no evidence of significant systemic absorption
after nebulization (undetectable concentrations < 0.2 µg/mL at peak 1 h), under various
dosing regimens (n-AmBd 6 mg/day to 10 mg/8 h; n-L-AmB 25 mg three times a week to
40 mg/day; n-ABLC 50 mg twice a week to 1 mg/kg/day) and various drug concentrations
and nebulizers [8,45,47–53]. Only one study found therapeutic serum levels (2 µg/mL) in
three out of five patients treated with n-AmBd at 20 mg b.i.d [54]. AmBd was detectable
in serum (<1 µg/mL) after 10 mg b.i.d. of n-AmBd [52]. None of the four patients who
received n-L-AmB at 20 mg b.i.d had detectable serum levels. In comparison, steady-state
peak plasma concentrations of AmB are typically between 1.2 and 2.4 mg/mL following
intravenous AmBd at 0.5–1 mg/kg, and between 7 and 12 mg/mL following intravenous
L-AmB at 1 mg/kg [52]. Consequently, n-AmB led to high lung concentrations with
no or very low systemic absorption. Lipid formulations seem more interesting due to
their higher concentration in lungs and longer half-life, which is presumed to result in
better adherence to treatment and less contamination of the nebulizer [17]. It is feasible to
administer nebulized lipid formulations of AmB every one or two weeks rather than once
daily for AmBd, which is more convenient for the patient. However, due to insufficient
data concerning AmB concentrations at the bronchial anastomosis site in lung transplant
recipients, it has been suggested that a higher frequency of administration is maintained
until the suture is healed [48]. Lipid formulations are usually easier to administer as they
are already in solution and do not foam, in contrast to n-AmBd [15]. Moreover, it has
been shown during in vitro studies that AmBd inhibits bovine surfactant functions [38,39],
whereas Monforte et al. revealed that n-L-AmB induced no changes in the lipid content of
human pulmonary surfactant [55]. Albeit lower than with other systemic drugs, the cost
for prophylaxis with n-L-AmB is about six fold that for a six-month n-AmBd treatment [17].
The main drawbacks of n-AmB are its unreliable distribution in the native lung in single-
lung transplant recipients, who remain at risk for IMIs, due to a predominant distribution
in the transplant [45], and the fact that it does not prevent extra-pulmonary infections such
as candidemia.

Highlights (nebulized AmB pharmacokinetics):

• Nebulized AmB is well delivered in the bronchial and alveolar compartments with
concentrations in the ELF or BALF above most fungal MICs;

• There is no or very weak systemic absorption;
• Lipid formulations have a higher concentration and a longer half-life in the BALF and

do not alter surfactant functions; however, they are more expensive.

3.2.2. Efficacy of n-AmB for Curative Treatment of IMI

Animal Models
To evaluate the efficacy of n-AmB, invasive pulmonary aspergillosis (IPA) models are

the most studied. n-AmBd was tested on male Sprague Dawley rats (125–150 g) [56]. Rats
were immunosuppressed with 100 mg of cortisone (three times per week, subcutaneously)
and intratracheally inoculated with 106 spores of A. fumigatus. One nebulization (air
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chamber with air flow 8 L/min; drug solution 0.3 L/min; exposure time 15 min/4.5 mL
AmB; dose 1.6 mg/kg) two days after infection delayed death but did not improve survival.
Comparable results were observed with one nebulization started 24 h after inoculation
and continued daily for six days [56]. In the same model, combinations of one dose of
n-AmBd at 1.6 mg/kg two days before inoculation with itraconazole (ITZ), SCH39304,
or placebo were studied [57]. n-AmBd combined with ITZ or SCH39304 significantly
improved survival at day 24 compared to n-AmBd combined with placebo.

In another study, the four commercially available formulations of AmB (AmBd, L-AmB,
ABLC, and ABCD) were nebulized and compared in naive and infected rat aspergillosis
model [35]. All AmB formulations were effective in prolonging survival when treatment
was started 16 h after intratracheal fungal inoculation. Two studies have compared n-L-
AmB and n-AmBd for IPA treatment in rats [39,58]. The two formulations prolonged rat
survival. Both forms are more effective than systemic treatment, but n-L-AmB was more
effective than n-AmBd to increase survival [58].

Combining n-AmB and systemic antifungal drugs could optimize IPA treatment. Re-
sults from rat aspergillosis models are, however, contradictory. One study have shown that
n-L-AmB combined with systemic L-AmB did not improve survival but prevented dissemi-
nation [58]. Others have shown that n-L-AmB combined with systemic AmB (AmBd or
L-AmB) is superior to either treatment alone [59]. Finally, n-L-AmB was tested in combina-
tion with intraperitoneal micafungin [60]. In total, 10 mg of n-L-AmB alone was effective
to improve survival and decrease fungal burden. A combination with intraperitoneal
micafungin at 1 mg/kg/day was more effective. Other formulations used for nebulization
such as non-ionic surfactant vesicles containing AmB [61] or AmB polymethacrylic acid
nanoparticle [62] showed good results during in vivo models. These formulations were
also effective in prophylaxis.

Clinical Studies
Twenty-two publications, mostly case reports and case series, gathering 100 patients have

reported the use of n-AmB as an adjunctive treatment for IMIs (see Supplementary Materials,
Table S1) [18,63–84]. Curative nebulized treatment has been used in two forms of aspergillo-
sis, tracheobronchial (TBA) and invasive pulmonary aspergillosis (IPA), mainly in lung
cancer patients or lung transplant recipients.

n-AmBd has been used in 34 patients (Supplementary Metarials, Table S1). Different
dosing regimens have been used, mostly 12.5 mg once or twice daily in recent studies, in
combination with systemic anti-mold drugs and/or interventional bronchoscopic treatment
and/or topical instillation of AmB [64–71]. Cure rates ranged between 36% and 67%
in the two largest series [66,67]. The position of nebulization as a first line or salvage
therapy was not described. Three previously described case reports involved pulmonary
mucormycosis [72–75,79]. n-AmBd dosage varied from 6 mg t.i.d to 30 mg twice a week
in combination with systemic AmB +/− topical instillation of AmBd +/− interventional
bronchoscopic treatment or surgical treatment. All three patients were eventually cured.

Nebulized lipid formulations have been reported in a total of 67 patients
(Supplementary Table S1). Peghin et al. reported a series of 22 lung transplant recipi-
ents with invasive aspergillosis (15 IPA, 7 ulcerative TBA) treated with n-L-AmB and a
systemic mold-active drug. The global cure rate was 55% [18]. Safdar and Rodriguez
reported a series of 32 immunosuppressed patients with various IMIs treated with n-ABLC
50 mg once or twice daily combined with various systemic antifungal agents. The global
cure rate was 50% [79]. Various pulmonary IMIs including infections due to Mucorales,
Scedosporium spp., Hormographiella aspergillata, Fusarium spp. and Microascus have been suc-
cessfully treated using n-ABLC (25 to 100 mg once daily) [75,80,82] or n-L-AmB 25 mg three
times a week [63,81], in combination with systemic antifungal agents and/or interventional
bronchoscopic treatment and/or topical instillation of AmB. A unique publication reported
the use of successful monotherapy with n-ABLC 50 mg/d in a case of IPA [77].
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Curative Treatment Guidelines
The Infectious Disease Society of America (IDSA), the Infectious Disease Community

of Practice (IDCOP), and The International Society for Heart and Lung Transplantation
(ISHLT) have each issued recommendations for the use of adjunctive n-AmB in the curative
treatment of IMIs [85–87] (Table 1).

Table 1. Guidelines for the use of nebulized AmB in treatment for invasive mold infections in lung
transplant recipients.

Ref Type of IFD n-AmB Evidence

Patterson, 2016 [86]

TBA in lung transplants associated
with anastomotic endobronchial
ischemia or ischemic reperfusion

injury due to airway ischemia

Adjunctive inhaled AmB is recommended in
association with a systemic antimold
antifungal (strong recommendation;

moderate-quality evidence).

“No consistent evidence”

Husain, 2016 [87]

TBA

n-AmB alone is not recommended as a
primary treatment of TBA (C-III). Although it
has been proposed as an adjunctive therapy in

an endobronchial prothesis infection, more
evidence is needed.

Morales, 2009 [80]

IPA

Addition of n-AmB to a standard regimen of
treatment is not routinely recommended

(C-III). However, the authors also declare that
n-AmB could be used in combination with

voriconazole/other systemic antifungal drugs,
depending on the severity of IFD, or possibly
in situations in which large cavitary lesions

might render the penetration of systemic
agents difficult.

Additional evidence would
be helpful

Husain, 2019 [85]

TBA associated with anastomotic
endo-bronchial ischemia, or ischemic

reperfusion injury due to airway
ischemia associated with lung

transplant

Inhaled AmB (in conjunction with systemic
antifungal therapy) may be used (weak; low).

Highlights (nebulized AmB in curative treatment):

• Adjunctive therapy with n-AmB has been used for pulmonary IMIs in combination
with systemic drugs, but its efficacy as a primary and/or salvage therapy has not been
elucidated in randomized studies;

• n-AmBd and n-L-AmB have been not compared, but animal models suggest that
n-L-AmB is more efficient than n-AmBd;

• n-AmB is only recommended in association with systemic antifungal agents in TBA
in lung transplants associated with anastomotic endobronchial ischemia or ischemic
reperfusion injury due to airway ischemia with low evidence.

3.2.3. Efficacy of n-AmB for Prophylaxis of IMI

Animal Models
n-AmB prophylaxis have been studied in animal models of aspergillosis, on

rats [35,37,56,88,89], mice [36], and guinea pigs [90]. The only study assessing n-AmB
for mucormycosis prophylaxis showed negative results with n-L-AmB [91].

n-L-AmB (0.8 mg/kg) administered two hours before challenge led to 100% survival
at day eight in an aspergillosis rat model [88]. In another rat model (105 Aspergillus spores
intratracheally, discontinued corticoid immunosuppression), prophylaxis with n-AmBd
administered at 1.6 mg/kg two days before inoculation decreased mortality to 11% com-
pared to 93.8% with placebo at three weeks [89]. In the rat model previously described in
the curative section [56], nebulization administered two days before inoculation delayed
mortality and dramatically reduced Aspergillus colony forming units in the lungs.

Some authors have used new formulations of AmB such as inhalation of AmB dry
powder with success in a guinea pig model of aspergillosis [90]. A single inhaled dose
of dry powder at 0.05, 0.5, 4, or 10 mg/kg was administered 24 h prior to infection. This
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treatment improved survival and decreased the fungal burden. n-AmBd and n-L-AmB
seem to be as effective regardless of the time of administration (1, 2, or 3 days) before
inoculation when compared to corticoid immunosuppressed mice intranasally inoculated
with Aspergillus spores [36]. Comparisons of the four commercialized formulations give
contradictory results. They have been equally effective for survival when administered one
week before inoculation in an aspergillosis rat model [35]. When prophylaxis was started
six weeks before challenge, only n-L-AmB was effective, probably due to the longer half-life
of L-AmB compared to other formulations. In another model, n-ABLC was more effective
than n-AmBd to prolong survival [37]. A meta-analysis of n-AmB as a prophylactic for IPA
on immunosuppressed animal was performed in 2015 [92]. A meta-analysis concluded
that n-AmB was effective for prophylaxis in IPA with no significant variation between lipid
formulations of AmB and AmBd. Moreover, they found no more adverse events (AEs) in
the n-AmBd group.

Clinical Studies in Hematology
Most of the available studies are related to primary prophylaxis. Data on n-AmB as

secondary prophylaxis for IPA in immunosuppressed patients are scarce [78].
Non-randomized studies have shown a decrease in IPA incidence rates with n-AmBd

prophylaxis in high-risk hematological patients, i.e., acute myeloid leukemia (AML) and
myelodysplastic syndrome (SMD) undergoing intensive chemotherapy, or autologous and
allogenic stem cell transplantation (SCT) [50,93–96] (Supplementary Table S2). However,
these studies lacked a control group or statistical comparison, or failed to reach significance.
A prospective study of 102 patients undergoing allogenic SCT demonstrated significantly
less possible/probable/proven IMI when patients received adequate n-AmBd prophylaxis
(15 mg b.i.d., ≥7 days) compared with inadequate n-AmBd prophylaxis (<7 days) (2.4%
vs. 18.8% at day 120, p < 0.05) [97]. In a retrospective cohort of 354 allogenic SCT patients
receiving n-AmBd 25 mg/d as prophylaxis, the five-year incidence rate of probable or
proven IA was 2.5% [98]. This is significantly lower than the 6.6% of a historical control
cohort without antifungal prophylaxis. In comparison, the rate of proven and probable
invasive fungal disease in AML/SMD patients undergoing induction chemotherapy was
reduced from 8% to 2%, and the rate of IPA from 7% to 1% with posaconazole prophylaxis
in a randomized controlled trial [99].

The only two randomized trials assessing the efficacy of n-AmBd (10 mg b.i.d.) com-
pared to a control group in high-risk neutropenic patients did not show significant differ-
ences in the possible/probable/proven IPA incidence [100,101].

Three comparative studies assessed the efficacy of nebulized lipid formulations of
AmB for prophylaxis in high-risk hematological patients (Supplementary Table S3). Two
prospective studies compared prophylaxis with n-L-AmB 12.5 mg twice a week + flu-
conazole 400 mg/day to a historical control group treated with fluconazole 400 mg/day
only [102,103]. Hullard-Pulstinger et al. found a non-significant decrease in proba-
ble/proven IA in the n-L-AmB group compared to a control group (2.1% vs. 3.8%),
but few events occurred [103]. Chong et al. showed a significant decrease in proba-
ble/proven IA in the n-L-AmB group compared to the historical control group (9.5% vs.
23.4%, p = 0.006) [102].

One randomized double-blind controlled study evaluated the incidence rate of prob-
able/proven IPA in 271 high-risk neutropenic patients: 139 patients received prophylac-
tic n-L-AmB 12.5 mg twice weekly + fluconazole until neutrophil recovery > 300/mm3,
132 patients received nebulized placebo + fluconazole. This trial showed a significant
decrease in probable/proven IPA in the n-L-AmB group (4.3% vs. 13.6%, OR 0.26, 95%
CI [0.09–0.72]) [2]. A meta-analysis from 2015 showed a lower incidence of IPA among
patients who underwent n-AmBd or n-L-AmB prophylaxis (OR 0.42, 95% CI [0.22–0.79],
p = 0.007) [92].

Clinical Studies in Lung Transplant Recipients
Due to the lack of randomized studies, surveys of antifungal prophylaxis strategy

in lung transplant centers worldwide and in the US have been published between 2006
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and 2015 [104–108]. These studies showed great variations between centers, with an
increasing use of n-AmB. In each of these surveys, most centers used universal antifungal
prophylaxis. n-AmB was the most used antifungal agent, alone or in combination with
oral voriconazole or itraconazole. Prophylaxis is most often initiated during the 24 h
post-transplantation [104] and the duration varies from three to six months to life-long.

Non-comparative studies have shown a low incidence rate of IA < 5% with either
n-AmBd or nebulized lipid formulations of AmB alone, or in association with systemic anti-
fungal prophylaxis [18,53,109–116] (Supplementary Tables S4 and S5). The use of n-AmBd
resulted in a significant decrease in IA incidence in several prospective and retrospective
studies, in comparison with historical controls without antifungal prophylaxis [4,117–120].

Two studies comparing n-AmBd and n-L-AmB showed no significant differences in
the incidence rates of IA [17,52] (Supplementary Table S6). A randomized double-blind
trial compared the incidence rate of IFI during the first two months post-transplantation
in 100 patients receiving prophylactic n-AmBd 25 mg or n-ABLC 50 mg for four days
then weekly for seven weeks. Doses were doubled in mechanically ventilated patients.
There was no significant difference in the incidence of IMI between the two groups, 14.3%
vs. 11.8%, respectively [121]. In conclusion, the three comparative studies showed no
significant differences in terms of efficacy between n-L-AmB and n-AmBd for IFI prophy-
laxis, even though IMI incidence rate was lower with n-L-AmB prophylaxis in all three
studies [17,52,121].

Mechanically Ventilated COVID-19 Patients
Since patients hospitalized in critical care are at high risk for IPA, Van Ackerbroeck

et al. have tested antifungal prophylaxis with n-AmBL [122]. Authors have shown that
inhaled liposomal amphotericin-B (under a twice-weekly prophylactic regimen of 12.5 mg)
reduced the incidence of COVID-19-associated pulmonary aspergillosis in mechanically
ventilated COVID-19 patients (RR 0.15, 95% CI [0.05–0.48]).

Prophylaxis Guidelines
Several groups (European Society of Clinical Microbiology and Infectious Disease

(ESCMID), IDCOP, ISHLT, and IDSA) have proposed guidelines for indications, dosing
regimens, and the duration of n-AmB antifungal prophylaxis in hematological patients
(Table 2) or transplant recipients (Table 3).

Table 2. Guidelines for prophylactic use of nebulized AmB in hematological patients.

Ref Criteria n-AmBd n-L-AmB

Mellinghoff, 2018 [123]
Neutrophils < 500/mm3,
>7 days. (AlloSCT and

ALL excluded)

Recommendation against its
use (D-I)

Recommended B-II (second choice
after posaconazole)

12.5 mg × 2/week in combination
with fluconazole 400 mg/day

Patterson, 2016 [86]

Prolonged neutropenia
(induction/reinduction

therapy for AL, and alloSCT
recipients following

conditioning or during
treatment of GVHD)

n-AmB may be considered (weak recommendation;
low-quality evidence)

AmB lipid formulations are generally better tolerated than AmBd

Ullman, 2018 [124]

Prolonged and
profound neutropenia Not mentioned

Recommended B-I (second choice
after posaconazole)

12.5 mg × 2/week in combination
with fluconazole 400 mg/day

AlloSCT recipients until
neutrophil recovery Not mentioned

Recommended B-II (ex-aqueous first
choice with posaconazole)

12.5 mg × 2/week in combination
with fluconazole 400 mg/day

244



Pharmaceutics 2022, 14, 641

Table 2. Cont.

Ref Criteria n-AmBd n-L-AmB

Maertens, 2018 [125]

Induction AML/MDS Recommendation against its
use (A-I)

Recommended B-I (second choice
after posaconazole)

10 mg × 2/week in combination with
fluconazole 400 mg/day

AlloSCT with high-risk
mold infection

Not recommended if low incidence of
mold infections (<5%), recommended
B-II (third choice) if high incidence of

mold infections (>5%)
10 mg × 2/week in combination with

fluconazole 400 mg/day

AlloSCT: allogeneic stem cell transplantation; ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia;
MDS: myelodysplastic syndrome; AmB: amphotericin B; n-AmB: nebulized AmB; AmBd: deoxycholate AmB;
L-AmB: liposomal AmB.

Table 3. Guidelines for prophylactic use of nebulized AmB in lung transplant recipients.

Ref Criteria n-AmBd n-AmB Lipid Formulation

Husain, 2016 [87] Lung transplant recipients n-AmB ± fluconazole or an echinocandin should be used in the first
2–4 weeks post-transplantation (B-I)

Patterson, 2016 [86] Lung transplant recipients
n-AmB may be considered (weak recommendation;

low-quality evidence)
AmB lipid formulations are generally better tolerated than AmBd

Ullman, 2018 [124]
Lung transplant recipients

B-II
25 mg/day for 4 days,

followed by 25 mg/week
for 7 weeks

Recommended A-I (first choice)
More AEs with AmBd but similar

efficacy; various possible protocols:
ABLC 50 mg/d for 4 d, then 50 mg/w

for 7 w.
ABLC 50 mg/day for 2 w., then

1×/w for 10 w.
L-AmB 25 mg × 3/w. (day 1–60) post

SOT, then 1×/w. (day 60–180)

Heart transplant recipients n-AmB universal prophylaxis is recommended in second choice (C-I).
First choice is targeted prophylaxis with echinocandins

Husain and Camargo,
2019 [85]

Lung transplant recipients AmBd 20 mg × 3/d or
25 mg/d (weak; low)

ABLC 50 mg 1×/2d for 2 w., then
1×/w for 13 w. (week; low)

L-AmB 25 mg × 3/w. for 2 months,
then 1×/w. for 6 m., then 2×/m.

thereafter (weak; low)

Heart transplant recipients
Not cited

Targeted prophylaxis with itraconazole or voriconazole or
echinocandins is recommended in patients at risk

AmB: amphotericin B; n-AmB: nebulized AmB; AmBd: deoxycholate AmB; L-AmB: liposomal AmB; SOT: solid
organ transplantation; AEs: adverse events.

Highlights (nebulized AmB in prophylaxis):

• Several authors have shown the high efficacy of n-AmBd or n-L-AmBL alone or in
combination with systemic drugs to prevent IPA in lung transplant recipients;

• In hematological patients with high-risk neutropenia, n-L-AmB has been associated
with a decrease in probable/proven IPA incidence while the results with n-AmBd
were discordant;

• In lung transplant recipients, n-AmBd or nebulized lipid formulations of AmB could
be used in first or second intention;

• In hematological patients with high-risk neutropenia, n-L-AmB is recommended in
second intention after posaconazole.
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3.2.4. Tolerance

No systemic adverse events (AEs) have been observed, especially no change in creati-
nine levels with either n-AmBd or n-L-AmB. Some mild and transient AEs are common
with both formulations (cough, dysgeusia, nausea) with great rate differences between
studies (see Supplementary Tables S2–S5), since they are dose-dependent [51]. n-AmBd
AEs range from 0% to 100% of patients [4,17,49–52,54,94–98,100,112,119,121,126,127]. Sev-
eral studies have reported an incidence of 30–40% [4,17,52,119,121] or even 50–100% of
AEs [51,97,100,127]. AEs are less frequent with nebulized lipid formulations, ranging from
0% to 36.5% of patients [2,17,18,52,53,102,103,109,112,121,128] in all studies but one [129]
(i.e., coughing in 74% of patients), with no severe AE. Bronchospasm and wheezing have
also been reported with n-AmBd, n-L-AmB, and n-ABLC [4,17,18,51,52,54,97,121]. These
AEs are rare and easily managed with salbutamol inhalation before the procedure or by
halving the drug concentration [18,98]. A decline in pulmonary function has been reported
in about 5% of patients (between 0 and 32%) in most studies with nebulized lipid for-
mulations of AmB [48,53,121,128,129] and in 10.6 to 50.0% with n-AmBd [121,126]. This
reversible AE has been reported both in neutropenic and lung transplant patients. Thus,
local and irritative AEs of n-AmB clearly outweigh the systemic AEs observed when AmB
is administered intravenously.

Treatment-limiting AEs range from 0 to 33% with n-AmBd, [17,51,97,98,100,126], and
are close to 0% when using salbutamol premedication [98]. They most often range between
0 and 6% with nebulized lipid formulations [17,18,52,53,109,121,128], except in two studies
that reported discontinuation rates of 42.7% [103] and 45% [2], mainly due to discomfort in
the first study and patients’ weakness and technical problem in the second.

Three studies have compared n-AmBd and nebulized lipid formulations of AmB for
prophylaxis in lung transplant patients. n-AmBd is associated with more AEs than lipid
formulations and seems to result in more treatment discontinuations. Two non-randomized
studies have shown no significant differences in the incidence of AEs and treatment-limiting
AEs between n-AmBd and n-L-AmB [17,52] (see Supplementary Table S6). There is only
one randomized trial comparing the tolerance of n-AmBd and lipid formulations [121]. In
this study, 100 lung transplant patients were randomized to receive antifungal prophylaxis
with either n-AmBd or n-ABLC for seven weeks. There were more patients who experienced
at least one AE in the AmBd group than in the ABLC group (42% vs. 28%): cough
(10.6% vs. 2.1%), dyspnea (19.9% vs. 2.1%), nausea (8.5% vs. 2.1%), wheezing (6.4% vs.
4.2%), dysgeusia (10.6% vs. 7.7%), and bronchospasm (25% vs. 20.4%). The decline in
pulmonary function (decline of FEV1 > 20%) was similar in the two groups (10.6% vs.
11.1%). Patients who received n-AmBd were more likely to experience AEs (OR = 2.16, 95%
CI [1.10–4.24], p = 0.02). Treatment-limiting AEs were higher in the AmBd group (12.2%
vs. 5.9%), although this finding did not reach significance due to a lack of power [121]. A
meta-analysis of these three prospective studies in lung-transplant recipients was unable
to compare the AEs of n-AmBd and nebulized lipid formulations due to non-uniform
reporting of the data [130]. In terms of treatment-limiting AEs, meta-analysis showed a 4%
rate with nebulized lipid formulations vs. 8% for n-AmBd not reaching significance (HR
0.57, 95% CI [0.22–1.50]).

Highlights (nebulized AmB tolerance):

• Global tolerance of n-AmB is good with no or very few systemic AEs;
• Mild and transient AEs are common with both formulations (cough, dysgeusia, nausea);
• Bronchospasm and wheezing are rare and easily managed with salbutamol inhalation

or by halving drug concentration;
• Decline in pulmonary function is rare but has been reported in about 5% of patients;
• AEs are less frequent with lipid formulations.
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3.3. Triazoles
3.3.1. Voriconazole

Voriconazole (VRZ) is a relatively lipophilic molecule with a LogD = 1.8 at pH 7.4,
with an ELF/plasma ratio between 6 and 11 when administered by a systemic route
in humans [23]. Several studies have investigated the aerodynamic properties of nebu-
lized voriconazole (n-VRZ) using commercially available solutions concentrated at 6.25 to
10 mg/mL. The MMAD was 2.4 to 2.98 µm and the FPF was 71.7–93.0% [131–134]. These
results suggested an appropriate distribution of the nebulized droplets into the distal zones
of the lung but a rapid systemic absorption.

The pharmacokinetics of n-VRZ was investigated in non-infected racing pigeons [135].
After nebulization for 15 min at 10 mg/mL of an intravenous commercially available solu-
tion, the authors showed a low concentration in the lungs with no detection after one hour
and a fast decrease in plasma. A non-commercial aqueous solution of VRZ solubilized with
sulfobutyl ether-beta-cyclodextrin was nebulized in mice [136]. High concentrations were
observed in the lungs and plasma within 30 min. The ratio of lung/plasma concentration
was 1.4 after a single inhaled dose and 2.9 after multiple doses. A rapid distribution from
lung to blood was observed. In another model, chronically inhaled voriconazole was well
tolerated in a rat model [133].

A rapid distribution of n-VRZ from lungs to plasma was also observed in humans.
Therapeutic drug levels in human lung tissues occurred 30 min after inhalation of a solution
at 10 mg/mL, and maximal pulmonary concentrations were 1.4 times higher than plasma
concentrations [133,134]. In a study including six patients, n-VRZ was rapidly absorbed
into systemic circulation with detectable serum concentrations 15 min after nebulization of
40 mg. Median plasma concentrations were 100 times lower twelve hours after the last neb-
ulization in the inhalation group, who received 40 mg b.i.d for two days, compared to the
oral group (400 mg b.i.d at day 1, 200 mg b.i.d at day 2) (8 vs. 1224 ng/mL, p < 0.0001) [137].
There was a non-significant trend towards a higher median ELF/plasma concentration ratio
in the inhalation group (21, 95% CI [6–63]) compared to the oral group (8, 95% CI [3–20];
p = 0.2).

Different formulations have been tested to try to retain VRZ in the lungs, such as
nanoparticles [138], dry powder insufflation of crystalline and amorphous VRZ formula-
tions [139], polylactic-co-glycolic acid (PGLA) nanoparticles [140], chitosan-coated PGLA
nanoparticles [141], and inhalable dry powder by spray freeze drying [142]. These formula-
tions showed good aerosol properties with efficient lung deposition and higher concen-
trations in the lungs than intravenous VRZ. These formulations led to clinically relevant
concentrations in plasma but with variable systemic absorption.

n-VRZ has solely been studied for curative treatment in humans and not for prophy-
laxis. One mouse model of IPA showed that aqueous solutions of VRZ solubilized with
sulfobutyl ether-beta-cyclodextrin improved survival when administered as prophylaxis
and were more efficient than IP injection of AmB [134]. In humans, four case reports have
been reported thus far using n-VRZ as an adjunctive treatment of IMI (see Supplementary
Table S7). Two publications involving three lung transplant recipients and one immuno-
suppressed patient with IPA showed clinical and/or radiological cure or improvement
with n-VRZ 40 mg administered one to three times daily, alone or as adjunctive treat-
ment [131,132]. n-VRZ 40 mg once or twice daily has also been used as an adjunctive
treatment for Scedosporium apiospermum and Microascus sp. invasive infections with good
results [82,143].

Highlights (voriconazole):

• Nebulized voriconazole is well delivered in lungs but leads to rapid systemic absorption;
• The ELF/plasma concentration ratio is not significantly different between nebulized

and oral voriconazole.
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3.3.2. Itraconazole

Itraconazole (ITZ) is a highly lipophilic molecule with a ratio of 3:1 in lung tissue
versus plasma when administered systemically [144]. Due to this lipophilic characteristic,
it must be solubilized to be aerosolized [145].

Nanoparticles of ITZ were synthetized with different technologies: evaporative pre-
cipitation of aqueous solution (EPAS), spray freezing into liquid (SFL), and ultra-rapid
freezing (URF) [146]. These formulations allow ITZ to rapidly dissolve. Lung deposition
was similar between EPAS and SFL, with high lung concentrations [147]. The amorphous
nanoparticles produced by SFL showed higher concentrations in the lungs and serum
than oral solutions [148]. The aerosolization of amorphous ITZ produced by SFL has no
pro-inflammatory effect nor tissue toxicity [149]. A nanostructured ITZ solid solution was
developed by URF technology [150]. This formulation led to high lung deposition but high
systemic concentration. The efficacy of these formulations was assessed in experimental
models. The EPAS and SFL of ITZ both achieved high lung concentrations with reduced
systemic exposure in a murine model of IPA [151]. These forms of ITZ were more effective
in prophylaxis for A. flavus aspergillosis than oral suspension or placebo. SFL showed better
results than EPAS in survival studies. Aerosolized nanostructured formulations of ITZ
produced by SFL were tested in aspergillosis prophylaxis models and compared with ITZ
by oral gavage [152]. The aerosolized formulation was used two days before inoculation
and continued for seven days post-inoculation. This treatment was more effective than ITZ
by oral gavage for improved survival, and histopathological examination of lung biopsies
displayed less lesions. The pulmonary delivery of an ITZ cyclodextrin solubilized solution
was compared with colloidal dispersion of an ITZ nanoparticle formulation synthetized by
URF [153]. These two formulations had the same lung deposition with deep lung delivery
and the same pharmacokinetic profile. ITZ cyclodextrin solubilized solution had, however,
a more rapid systemic distribution [153]. The authors also compared the bioavailability
of amorphous ITZ nanoparticles synthetized by URF versus crystalline ITZ nanoparticles
produced by wet milling [154]. Although both formulations allowed similar deep lung de-
livery due to compatible aerodynamic diameters, amorphous nanoparticles of ITZ showed
a higher systemic bioavailability.

Using a wet-milling process with organic milling beads, a stable nanosuspension
of ITZ at 20% was synthetized [155]. Nebulization of this suspension led to a high and
long-lasting lung concentration with a minimal systemic exposure in rats. A single dose
of 22.5 mg/kg led to 25.4 h of half-life. These nanosuspensions were tested in Japanese
quail [156]. This formulation permitted high lung concentrations with a low systemic
exposure in young quail. Moreover, a nanosuspension of ITZ at 10% or 4% was effective for
aspergillosis treatment in this model [157]. Treatment was once daily for 30 min, starting
2 h after inoculation for six days, which increased survival and was well tolerated.

More recently, some authors synthetized ITZ-loaded nanostructured lipid carriers for
pulmonary treatment of IPA in falcons [158]. This formulation can be easily nebulized and
effectively penetrated the respiratory tract.

Several authors have evaluated the endotracheal insufflator device for the adminis-
tration of dry powder and have shown that it can be used in preclinical trials [159]. This
material was used to test three ITZ dry powders for inhalation [160]. ITZ was prepared
by spray-drying a mannitol solution in which ITZ was dispersed or solubilized. The con-
centrations of ITZ in lungs were high for two of the formulations but with high systemic
bioavailabilities. Micronized cocrystal powders, micronized using the jet-milling system
with succinic acid (SA) or l-tartaric acid (TA), and amorphous spray-dried formulations
of ITZ were also evaluated [161]. Micronized cocrystals are promising formulations for
enhancing the pulmonary absorption of poorly soluble compounds.

Finally, the relationship between the in vitro dissolution of ITZ powder and its fate
in vivo was assessed [162]. The authors showed that the dissolution of ITZ in the lungs
may be increased to avoid local irritation and rapid elimination by macrophages. However,
high dissolution led to a fast systemic absorption and a lower lung retention.
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Highlights (itraconazole):

• Nebulized itraconazole is well delivered in lungs but leads to rapid systemic absorption;
• Advanced formulations are in development to control the permeability and/or the

release rate in pulmonary compartments.

3.3.3. Other Triazoles

The aerodynamic properties of nebulized molecules of IV posaconazole solutions have
been characterized. With an MMAD of 3.0 to 3.4 µm and a FPF of 78–79% for solutions
concentrated at 6 to 12 mg/mL, an appropriate distribution in the lungs is suggested [132].
Alhough posaconazole is a lipophilic molecule with a LogD of 2.15 at pH 7.4, it is not a
good candidate for nebulization. Nebulized posaconazole has not been tested to treat IMIs.

A new triazole drug, named PC945 (opelconazole), was developed to optimize topical
treatment with tissue retention and physicochemical properties adapted to inhalation [163,164].
Opelconazole inhalation resulted in high local concentrations, prolonged lung retention,
slow absorption from the lung, and low plasma concentrations [165]. Intranasal PC945
showed an increased survival in a murine model of IPA. This compound was able to
decrease the fungal load and in vivo biomarkers of aspergillosis in the BAL and serum
and showed superiority to voriconazole and posaconazole [166]. Moreover, the drug acted
synergistically with commonly used triazoles (posaconazole, VRZ, ITZ) [167]. Phase I
and IIa were recently performed and showed only mild-to-moderate AEs in 29 subjects.
Opelconazole was used in a compassionate program on nine patients and positive clinical
results were observed in eight [164]. Since opelconazole was poorly absorbed, the drug
should not be used alone in disseminated forms of IMI but could represent a new option of
great value in combination with systemic treatment or in prophylaxis.

Another new triazole drug, PC1244, showed efficacy against IPA when administered
intranasally [168]. This compound showed better activity than VRZ and posaconazole
against azole-resistant Aspergillus [169].

Highlights (other triazoles):

• As with other triazoles, posaconazole nebulization leads to rapid systemic absorption;
• New triazole antifungal agents showed efficacy in nebulization in IPA animal models.

3.4. Other Antifungal Agents

Among other antifungal agents, imidazoles (ketoconazole, miconazole, prochloraz) are not
used as aerosolized agents since they lead to histamine release and airway constriction [170].

Since echinocandins are poorly effective against molds, few studies have been per-
formed on this topic. However, pharmacokinetic data have shown that caspofungin is
well delivered to the lungs with higher maximal concentrations and AUC compared to
IV routes [171]. Several authors have developed new formulations of caspofungin to im-
prove alveolar concentrations [172]. Inhaled micafungin was used for the treatment of two
Scopulariospsis/Microascus infections and led to high ELF concentrations with low plasmatic
passage and was well tolerated [173].

Pneumocandin L-693,989, an experimental echinocandin, administered at 5 mg/kg
2 h before inoculation was effective in improving survival in a rat model of IPA [88]. In
another rat model of IPA, an aerosol of hamycin at 0.68 mg/kg administered two days
before infection delayed mortality compared to the control group [174]. Administered as a
curative treatment, at the same dosage of 0.68 mg/kg 24 h after inoculation daily for six
days, nebulized hamycin was effective.

The pharmacokinetics of nebulized terbinafine was assessed in Hispaniolan Amazon
parrots. The time above MIC remained low in the study conditions [175]. The lack of efficacy
of this drug as prophylaxis was demonstrated in an aspergillosis rat model nebulized with
terbinafine at 1.6 mg/kg two days before inoculation [176].

New drugs, some belonging to new families, are actually under development. These
new drugs include fosmanogepix (a novel Gwt1 enzyme inhibitor), ibrexafungerp (a
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first-in-class triterpenoid), and olorofim (a novel dihydroorotate dehydrogenase enzyme
inhibitor) [164]. The use of these drugs by nebulized routes should be evaluated to bring
new families of inhaled drugs.

3.5. Perspectives/Recommendations for Future Research

• Perform prospective randomized studies to evidence the efficacy of n-AmB in the
prophylaxis and curative treatment of IMIs, especially in particular settings such as
severe or refractory infections, or large cavitary lesions;

• Perform prospective randomized studies to compare the efficacy and tolerance of lipid
formulations of AmB and AmBd;

• Continue the development of opelconazole;
• Test new antifungal agents (fosmanogepix, ibrexafungerp, olorofim) by nebulized route;
• Evaluate n-AmB on emerging IMIs such as mucormycosis.

4. Conclusions

Animal models and clinical data have shown that AmB presents adequate physico-
chemical characteristics for nebulization compared to other antifungal drugs which need
appropriate formulations to be retained in the lungs. n-AmB leads to high alveolar concen-
trations and no or very low systemic passage. Most animal studies have proposed lipid
forms of AmB as the best candidates for nebulization due to better lung penetration, a
higher half-life, and the improvement of survival. The choice of nebulizer is crucial in
humans; jet nebulizers seem to generate more optimal particles compared to ultrasonic
nebulizers. Combining systemic treatments for nebulization could prevent fungal dissemi-
nation. n-AmB was thus tested as an adjunctive therapy, as a primary and salvage therapy
for refractory pulmonary IMIs in patients. Although the results seem to favor increased ef-
ficacy, no randomized controlled prospective studies have elucidated the impact of n-AmB
on survival. In prophylaxis, several authors showed a high efficacy of n-AmB to prevent
IA. In hematological patients with high-risk neutropenia, even if data are scarce, n-L-AmB
showed a decrease in probable/proven IPA incidence. Global tolerance of n-AmB is good,
with no or very few systemic AEs, bronchospasm, and wheezing being less frequent with
lipid formulations.

Prospective randomized studies are mandatory to evidence the efficacy of n-AmB in
prophylaxis and curative treatments. To recommend n-AmB outside of salvage therapy or
prophylaxis in lung transplant recipients is complex due to the lack of evidence. Moreover,
most data come from IPA. It would be interesting to evaluate the effect of n-AmB on
emerging IMIs such as mucormycosis. Prospective randomized studies would also be
useful to compare the efficacy and tolerance of lipid formulations of AmB and AmBd.
Finally, the development of opelconazole must be continued. Indeed, it could represent a
new option in the treatment of IMIs by nebulized routes.
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